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Abstract 
New energy storage devices are required to enable future technologies. With the rise of 
wearable consumer and medical devices, a suitable flexible and wearable means of storing 
electrical energy is required. Fibre-based devices present a possible method of achieving 
this aim. Fibres are inherently more flexible than their bulk counterparts, and as such can 
be employed to form the electrodes of flexible batteries and capacitors. They also present a 
facile possibility for incorporation into many fabrics and clothes, further boosting their 
potential for use in wearable devices. 
Electrically conducting fibres were produced from a dispersion of carbon nanomaterials in 
a room temperature ionic liquid. Coagulation of this dispersion was achieved through 
manual injection into aqueous solutions of xanthan gum. The limitations of this method are 
highlighted by very low ultimate tensile strengths of these fibres, in the order of 3 MPa, 
with high variation within all of the fibres. Fibres were also produced via scrolling of bi-
component films containing poly(3,4-ethylenedioxythiophene) polystyrene sulfonate 
(PEDOT:PSS) and poly(vinyl alcohol) (PVA). Chemical treatments were employed to 
impart water compatibility to these fibres, and their electrochemical, physical and electrical 
properties were analysed. 
Fibres were wet spun from two PEDOT:PSS sources, in several fibre diameters. The effect 
of chemical treatments on the fibres were investigated and compared. Short 5 min 
treatment times with dimethyl sulfoxide (DMSO) on 20 µm fibres produced from Clevios 
PH1000 were found to produce the best overall treatment. Up to a six-fold increase in 
electrical conductivity resulted, reaching 800 S cm-1, with up to 40 % increase in specific 
capacitance and no loss of mechanical strength (55 F g-1 and 150 MPa recorded). 
A wet spinning system to produce PEDOT:PSS fibres containing functionalised graphenes 
and carbon nanotubes, as well as birnessite nanotubes was subsequently developed. 
Manganese dioxide was also grown electrochemically on the outside of PEDOT:PSS 
fibres, with polypyrrole and PEDOT:PSS coating protection methods investigated. 
Electrochemical testing determined that birnessite nanotube-containing fibres presented the 
most viable option for energy storage device applications. Using the birnessite nanotube-
containing fibre, fibre-based supercapacitors were fabricated and investigated. Specific 
capacitance values of 80 F g-1 were obtained, stable for over 1,000 cycles at 0.5 A g-1.  
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1 Introduction 
1.1 Context 
The ever-growing use of electronics has transformed the way we live our lives. From 
recreational consumer devices to breakthrough medical devices, all require a power source. 
The use of such technologies is continually growing; new technologies are continually 
being developed and produced, with one such example being wearable and flexible 
personal electronics (1-3). The possible uses for these technologies range from flexible 
mobile phones, to wearable health-monitoring sensors (4); these devices have the potential 
to make a huge impact on our daily lives. 
For flexible electronic devices to be realised, there is a need to develop flexible power 
sources, such as batteries and/or supercapacitors. Currently electrical energy storage 
devices, such as lithium-ion batteries, are typically bulky and rigid, restricting their use in 
flexible and/wearable applications. One possible development may be through the use of 
fibre-based energy storage (5). In such a device, fibres would be employed as the 
electrodes of a capacitor or battery. These fibres can conduct charge through the system, as 
well as acting as (or as part of) the energy storage system. 
It is envisioned that these devices could be employed as energy storage systems in 
wearable medical devices, such as heart rate monitors or fitness tracking devices, or in 
consumer devices incorporated within clothing. As such, the fibres will need to be robust 
enough to allow them to be incorporated within these systems. They will also need to be 
highly flexible, with limited or no degradation occurring through repeated bending 
movements. 
Such devices would require a base fibre which is electrically conductive, while also 
incorporating materials enabling the storage of electrical energy through either capacitive 
or battery-based mechanisms. This may consist of an intrinsically conducting polymer 
material such as polypyrrole or poly(3,4-ethylenedioxythiophene) poly(styrene sulfonate) 
(PEDOT:PSS), or the use of nanomaterials such as carbon nanotubes (CNT) or graphenes, 
as well as the addition of energy storage materials, including manganese dioxide. There 
exists a wide range of materials and processes which may be suitable for producing such 
devices, several of which are detailed and investigated within this work. 
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1.2 Energy Storage System Comparison 
Multiple energy storage technologies exist for powering portable electronics. Two of the 
most common of these are battery and capacitor-based systems. Each of these systems can 
be produced in several variants, each with their own inherent advantages and 
disadvantages (6). As such, multiple properties of the device to be employed must be 
considered, including the total energy required to be stored, the power requirements of the 
desired load, the device lifetime, and the physical requirements placed on the device (e.g. 
temperature, size, flexibility). Careful selection of the correct device to meet the specific 
needs of the use is required. A Ragone plot, as shown in Figure 1, is commonly used to 
visually demonstrate the differences in achievable energy and power density of such 
devices (7-8). Power density is defined as the amount of power (rate of energy transferable 
per second) per unit weight of the device, while the energy density is defined as the total 
amount of energy stored in the device per unit weight (6). It can be seen that capacitors 
offer the highest power density, due to their rapid charge and discharge ability, but store 
the lowest amount of total energy per weight. Supercapacitors bridge the gap between 
traditional capacitors and batteries, offering higher energy densities than capacitors, but at 
lower deliverable power densities. Batteries offer high levels of energy density, making 
them more suitable for systems with a lower, more sustained power requirement, but for 
longer amounts of times. Fuel cells offer higher levels of energy density again, but at 
further decreased rates of power delivery. 
For wearable applications, it is likely to be necessary to store larger amounts of energy 
than what is currently achievable using traditional capacitors, and as such, batteries and 
more recently supercapacitors present the best potential method for powering wearable 
electronics (9-10). This work will focus on understanding and furthering the development 
of fibre-based supercapacitor energy storage devices. 
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Figure 1 - Ragone plot comparing Capacitor, Supercapacitor, Battery, and Fuel 
cell device power and energy density (7-8). 
1.3 Energy Storage Through Capacitance 
Capacitance, measured in Farads, is defined as amount of charge a system can store, per 
unit voltage. The capacitance of a two-plate capacitor may be calculated by dividing the 
charge stored (in Coulombs) by the voltage applied (in Volts) between the plates, as shown 
in Equation 1, Where q is calculated as the current (in Amps) multiplied by time (in s) 
(11). 
 
Equation 1 – Calculation of capacitance (11-12). 
The plates of a capacitor may take many forms; from simple metal sheets separated by an 
insulating layer, to complex composite materials with vastly increased surface areas, 
employing tailored dielectric separators. Capacitance is often reported as mass specific 
capacitance, obtained by dividing the total capacitance by the mass of the materials 
employed. The energy stored in such a device can be calculated by relating the mass 
specific capacitance to the voltage at which the device is charged to, given in Equation 2. It 
can be seen that the energy stored is proportional to the square of the voltage, thus 
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highlighting that devices which can operate at higher voltages are able to store 
exponentially higher levels of energy (13). 
 
Equation 2 – Determination of energy stored in a capacitor (13). 
Two main mechanisms of energy storage occur in capacitors and supercapacitors; electric 
double-layer capacitance, and pseudocapacitance. These two forms, however, arise from 
different mechanisms (6). Electric double-layer capacitors employ the electric double-layer 
effect. In this, a voltage is applied between two conductive electrodes (plates) separated 
with a liquid electrolyte or another such insulating dielectric layer. The application of this 
voltage causes the formation of a layer of charged ions on each electrode, corresponding to 
the opposite charge to the plate, as demonstrated in Figure 2. When a load is placed on the 
device, the opposite movement occurs, transferring electrons through the load, and 
depleting the double layer, thus returning the system to the original, normally-distrusted 
arrangement of ions. 
 
Figure 2 – Illustration of electric double-layer effect in capacitor devices (14). 
Pseudocapacitance, as shown in Figure 3, differs from double-layer capacitance in that it 
occurs through a faradaic charge transfer between the electrolyte and the electrodes of the 
capacitor (15). Electron transfer occurs, balanced with electrosorption and intercalation of 
𝐸 =
1
8
𝐶𝑠𝑉
2 
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charged species on and within the structure of the electrodes. It is important to note that no 
chemical bonds are broken or formed during pseudocapacitive mechanisms. 
Pseudocapacitance often occurs in tandem with double-layer capacitance, further boosting 
the overall capacitance of the material employed.  
 
Figure 3 - Simplified schematic of pseudocapacitance charge storage. Showing 
charge transfer between electrolyte and manganese dioxide active material. 
Reproduced from (16). 
Pseudocapacitance can occur along with electric double-layer capacitance to produce 
materials with greatly enhanced capacitance values (15). Such materials can be added to a 
system to increase the overall capacitance of the material (17). 
1.4 Materials of Interest 
The choice of material is important to convey the necessary electrical and electrochemical 
properties required for energy storage. An electrical conductivity of the order of 100 S cm-1 
may be adequate for this application, although this may be re-assessed throughout this 
work. The fibres will also need to be robust enough able to withstand being manipulated, 
and attached to other surfaces. Potentially the most crucial fibre property is their ability to 
store charge, their specific capacitance. This value is desired to be as high as possible, 
without compromising other aspects of the fibres. 
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1.4.1 Graphene 
Graphene has been an area of intense research in the previous decade; its unique and 
notable properties have seen it used in a broad range of areas, applications and devices 
(18). It has received much attention from the scientific community, stemming from 
Novoselov and Geim’s Nobel Prize winning research (19), with a large amount of interest 
in future materials and devices using or being produced from graphene (20).  
Graphene consists of two dimensional hexagonal patterns of sp2 bonded carbons. Its 
properties of interest include extremely high electrical and thermal conductivities of 6.4 × 
106 S cm-1 and 5 × 103 W m-1 K-1 respectively, and high physical and mechanical strengths, 
with a Young’s modulus in the order of 1,100 GPa (21). Graphene’s two-dimensional 
structure, also yields useful properties; such as a massive surface area of theoretically up to 
2,630 m2 g-1 (21). Many forms of graphene can be produced, depending on the number of 
layers required, as shown in Figure 4 below. 
 
Figure 4 – Illustration of single (SL), few (FL), and multi-layer (ML) graphene 
sheets on the atomic scale (21). 
Graphene is a key material of interest in this work as it has the potential to increase 
electrical conductivity, surface area, and increased charge storage in a composite (22-23). 
This requires the graphene to be incorporated efficiently, for example dispersed uniformly 
within a fibre, increasing the electrical conductivity through percolation of the nano 
particles dispersed within the fibre. Pristine graphene is difficult to process, including 
dispersing within aqueous solutions, due to strong inter-sheet forces (24). Due to this, a 
suitable procedure, for exfoliation and dispersion, will need to be used to allow efficient 
use and incorporation of the material (24-25). 
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1.4.2 Carbon Nanotubes (CNT) 
One of the most well-known and highly used of all nanomaterials, carbon nanotubes 
(CNTs) consist of a cylindrical structure of carbon sheets. Single wall carbon nanotubes 
(SWCNTs) consist of a single sheet of graphene wrapped around to form a cylinder, while 
multiwall carbon nanotubes (MWCNTs) have multiple cylinders each wrapped around the 
previous cylinder. Similar to graphene, both of these nanotube types possess excellent 
electrical conductivity up to 106 S cm-1 (26), and physical properties, such as a Young’s 
Modulus of 900 GPa (27). Thermal conductivities are believed to be up to 5,800 W m-1 K-1 
for SWCNTs and up to 10,000 W m-1 K-1 for MWCNTs (28).  
 
Figure 5 – Single walled carbon nanotube structure (29). 
CNTS may be used in a similar way to graphene, increasing many desired properties, such 
as electrical conductivity and specific capacitance, of the CNT-containing 
materials/composites (30). As with graphene sheets, CNTs are difficult to process and 
disperse, due to powerful van der Waals interactions arising from their large surface area 
(31). As such will they require adequate processing such as surfactant or polymer stabilised 
dispersion. 
1.4.3 Manganese Oxides 
Many forms of manganese compounds are routinely used in a wide range of energy storage 
systems, such as in batteries (32) and capacitors (33). Due to manganese’s ability to move 
between a range of oxidation states, it can be employed to store and release electrical 
energy in secondary batteries, or to generate electrical energy when employed within 
primary batteries (34-35). 
Manganese oxides can be used in both primary (36) and secondary batteries (37), as well 
as in supercapacitor applications (38). Many production methods of manganese oxides 
exist, producing multiple different forms and variants of the material. Manganese dioxide 
prepared for energy storage applications is commonly produced electrolytically (39-40). 
Such a process typically involves calcining manganese-containing ores, into solutions 
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containing sulfuric acid. The solution is filtered and electrolysed to produce electrolytic 
manganese dioxide (40). Alternative forms, such as birnessite, can be produced through 
hydrothermal processes (41), involving the use of potassium permanganate with potassium 
hydroxide at elevated temperature for several days.  
Birnessite is a layered form of manganese dioxide, and consists of edge-shared MnO6 
octahedra, with water molecules and cations in the interlayer sites (42-43). A large surface 
area arises from the layered nature of the structure, and also allows for the cations to 
transport between the interlayer regions. These properties have allowed birnessite to be 
used in energy storage applications in a range of areas (44-45).  
 
Figure 6 - Birnessite Structure (43). 
The incorporation of different forms of manganese oxides should allow for additional 
electrochemical energy storage to be incorporated in to the fibres, thus increasing the total 
amount of energy stored by the system (46). 
1.4.4 Conducting Polymers 
Conducting polymers are polymeric materials which are electrically conductive, allowing 
them to be used for electrical applications. These materials have been produced from many 
structures, including, amongst others, polyacetylene, polypyrrole, polyaniline (PAni), and 
polythiophene. Conducting polymers have found use in a wide range of applications, 
including solar cells (47) and biosensors (48). 
One of the first reported conducting polymers was produced through the oxidation of 
polyacetylene with halogen ions, producing a nine order of magnitude increase in its 
electrical conductivity, relative to polyacetylene itself (49). Continual investigation and 
progress into conducting polymers has been carried out since, and the area has grown into 
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a hugely successful field, with Professors Heeger, MacDiarmid, and Shirakawa being 
awarded the 2000 Nobel Prize for their initial discovery. Conductivities of conducting 
polymers have steadily increased, with materials possessing conductivities up to and 
beyond 105 S cm-1 (50), similar to that of metallic copper (6 × 105 S cm-1) (51). 
Conductivities ranging between 0.1 and 500 S cm-1 have been commonly reported for 
many conducting polymers (52). 
The mechanism of conductivity within conducting polymers arises from the doping of the 
polymer’s conjugated double bond system. When extra electrons are added, labelled n-type 
doping, or electrons are removed, labelled p-type doping, a conductive pathway through 
the polymer is formed (53). This doping has been shown to produce multiple orders of 
magnitude higher conductivity than the undoped polymer (49). Once these missing 
electrons, called holes, or extra electrons are present, they are able to move throughout the 
polymer chains, thus conducting charge through the material (54). 
 
Figure 7 – Molecular structure of poly(acetylene) (trans form shown). 
Figure 7 shows the structure of trans-poly(acetylene) where the conjugated double bond 
system can be seen. Other conducting polymers possess various structures, often 
incorporating heteroatoms, but all maintaining the conjugation system. Figure 8 shows the 
molecular structure of poly(3,4-ethylenedioxythiophene) (PEDOT) (55), formed of a pair 
of bicyclic rings, connected through conjugated double bonds, along with polypyrrole 
which is conjugated through a single connecting ring system (56). 
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Figure 8 - Molecular structure of poly(3,4-ethylenedioxythiophene (left, (55)) 
and polypyrrole (right, (56)). 
While conducting polymers possess interesting electrical properties, the doping to achieve 
high electrical conductivity may require harmful or hazardous chemicals, and the polymers 
may be difficult to process or handle. Polyacetylene, for example, is highly unstable in air 
(57), and poly(3,4-ethylenedioxythiophene) (PEDOT) is water insoluble, making 
processing difficult. In the case of PEDOT, a polymer dopant in the form of polystyrene 
sulfonate (PSS) is added to aid water solubility (58). However, this greatly decreases the 
electrical conductivity; PEDOT:PSS has an electrical conductivity below 1 S cm-1 (59-60), 
while PEDOT formed through vapour phase polymerisation can have conductivities of and 
above 1,500 S cm-1 (61). Various treatments have been shown to increase the electrical 
conductivity of PEDOT:PSS by several orders of magnitude (59-60). For example, thin 
films treatment with sulfuric acid in combination with temperature treatments produced 
conductivities in excess of 3,000 S cm-1 (60). Similar treatments have been demonstrated 
using organic acids (59), methanol (59), and ethylene glycol (62), amongst others (63). 
Increasing the electrical conductivity of the polymer is a key step in the optimisation of the 
efficiency of any electrical/energy storage device. Conducting polymers also possess high 
specific capacitance values, due to their ability to store charge through pseudocapacitance 
(64). For example, PEDOT:PSS has a theoretical maximum specific capacitance of 210 F 
g-1 (65-66), while PAni can reach values of up to 750 F g-1 (67-68). 
A large amount of research has been conducted looking at understanding and optimising 
the preparation conditions of PEDOT:PSS films, specifically looking at the sizes of 
PEDOT nanocrystals formed within the films (69). Takano et al. found that PEDOT grows 
as a nano-sized crystal within the bulk film, being surrounded by PSS molecules.  
 11 
 
The structure of PEDOT:PSS has been shown to consist of positively charged PEDOT 
chains, coupled with negatively charged PSS counter ions, as shown in Figure 9 left. The 
solid form of PEDOT:PSS is believed to be formed of electrically conductive nanocrystals 
of PEDOT, surrounded by insulating PSS spheres, as shown in Figure 9 right. PEDOT 
chains are shown in red and blue, within green spheres representing PSS regions. 
 
Figure 9 – Molecular (left) and solid form (right) structure of PEDOT:PSS (58). 
Preparation and treatment steps which can alter the size of the crystals formed have a 
dramatic effect on the electrical conductivity of the film produced. For example, it was 
shown that water, ethanol and ethylene glycol treatments all produced films with smaller 
PEDOT crystal sizes, with increasing electrical conductivity as crystal size decreased (69).  
The combination of electrical conductivity, charge storage capacitance, and ability to be 
processed into flexible electronics all make conducting polymers a possible material from 
which to produce fibre-based energy storage devices. 
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1.5 Discussion of Fibre Production Methods 
1.5.1 Wet spinning 
Wet spinning of fibres is the solidification of a liquid or gel phase solution/dispersion to 
produce a gel-state or solid fibre (70). This liquid, called the spinning solution, may 
contain a dissolved polymer which will be solidified, or a dispersion of particles which 
may be agglomerated and precipitated into fibre form. The composition of the spinning 
solution determines how the fibre will form, and the conditions required. To produce 
fibres, the solution is injected through a small opening (such as a needle) called a 
spinneret, into a coagulation bath which induces solidification. Solidification typically 
occurs through a change in solubility, using a non-solvent in the coagulation bath, but can 
also occur using a polymer to solidify a dispersion. Other factors, such as pH (71), or salt 
content and temperature (72) can trigger the solidification process. As the solution is 
injected, solidification occurs at the interface between the spinning and coagulation 
solutions. Rotation of the coagulation bath removes solid fibre, allowing fresh solution at 
the interface. Matching this rotational speed to the speed of fibre injection is required, to 
prevent fibre breakage. Another option is to attach the end of a fibre to a bobbin, placed 
outside of the coagulation bath (62). The bobbin is rotated at the required speed, to collect 
the fibre as it is injected and solidified, providing continuous injection, solidification, and 
collection. A simplified diagram is shown in Figure 10. Careful consideration and choice 
of the materials, solutions, and spinning parameters used is critical in obtaining a 
successful fibre production system.  
 
Figure 10 - Example of wet spinning apparatus – Including syringe pump, 
spinning solution, coagulation bath, and optional hot-drawing equipment 
(heating plates and rotating collecting roller) (62). 
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Wet spinning is one of, if not the simplest method of manufacturing fibres suitable to this 
work (70). While it is limited in terms of production speed, and cannot produce fibres with 
diameters as small as those achieved through methods such as electrospinning and 
centrifugal spinning (73), it is more versatile and can be used with a wide range of 
materials. 
Wet spinning techniques allow control over many of the properties of the fibres produced 
by varying specific parameters. For example, by changing the size of the opening in the 
spinneret, thicker or thinner diameter fibres can be produced as desired. The use of 
different coagulation solutions affects the rate at which fibres solidify, and has been shown 
to change their diameters, as well as their micro-structure (74). Post-treatment steps can 
also be employed, to further tailor and improve the properties of the fibres (74). Steps such 
as hot drawing, where fibres are stretched while being heated, can aid in aligning polymer 
chains within the fibres, giving rise to improved properties such as strength and electrical 
conductivity (62). The careful selection and optimisation of these steps can all be 
employed to produce a fibre tailored and optimised to a specific application. Fibre 
properties such as diameter, density, length, outer shape, and electrical conductivity can all 
be controlled in this manner.  
It is also possible to incorporate extra materials, such as nanomaterials (75) or additional 
polymers (76) within fibres via wet spinning. This requires a spinning solution containing a 
homogeneous dispersion/solution of the desired materials, which will then be contained 
within the precipitated fibre. 
Wet spinning has been employed to produce fibres from multiple different materials, such 
as insulating (77) and conducting polymers (78), as well as nanomaterials (79), using a vast 
range of conditions and parameters, for hugely varied applications. Fibres produced via 
wet spinning have been used in energy applications (80), medical fields (81), as well as in 
applications with high-strength requirements (82), as a few examples. 
1.5.2 Dry and Melt Spinning 
Dry spinning is a similar technique to that of wet spinning, in that a solution of dissolved 
polymer(s) is processed. Whereas wet spinning involves injection into a coagulation bath, 
dry spinning employs evaporation of the solvent to produce a solid fibre (83). As the 
solution is extruded through the spinneret(s), a stream of air or intern gas is blown over the 
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stream, causing rapid evaporation of the solvent, and the solidification of the fibre, as 
shown in Figure 11 (84). The produced fibres are then collected and processed as desired. 
Fibres from materials including acetate, acrylic, spandex, and polyvinylchloride are 
produced using this method (84).  
Melt spinning is similar to the previous methods, but differs by employing molten liquid 
polymers that are turned in to fibres. Solid, pre-prepared polymer pellets are melted and 
extruded through the spinneret(s). As the melt leaves the spinneret it cools and solidifies, 
forming a solid fibre, as shown in Figure 11 (84). While simple, this method is limited in 
that it can only be used for polymers which are suitable for melting. Fibres such as nylon 
are produced in this way (85). 
 
Figure 11 – Diagrams of melt (left) and dry (right) spinning equipment (84). 
1.5.3 Film Scrolling 
A less commonly used method of fibre production involves turning films in to fibres. In 
this procedure films of the desired material are produced, which are then typically cut in to 
strips of various sizes, lengths, and shapes, before being twisted in to fibres (86). A 
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rotational force is applied to one end of the fibre, while the other end is held in position. 
This rotation turns the fibre over itself, forming a scrolled fibre (87). 
Several examples of fibres produced this way have been made; one such example produced 
films of graphene oxide and scrolled them in to fibres. Figure 12 shows this process, on the 
left the film is attached to a base and the rotational force applied on the right. 
 
Figure 12 - A graphene oxide film being mechanically scrolled to produce a fibre (86). 
This procedure requires a film which is suitably flexible and elastic, to enable it to be 
tightly coiled, and remain so, based on the interaction with itself produced from the 
scrolling process. It is often necessary to use a softening agent to give the film the required 
flexibility to avoid tearing or breakage while being twisted. Fibres produced using this 
method have the possibility to incorporate a range of additional materials, as they could be 
added to the film prior to scrolling. 
Another method for producing fibres through scrolling involves drawing and twisting 
fibres from carbon nanotube forests. In this procedure, carbon nanotube forests are grown 
on a substrate, typically silicon, before being pulled and twisted to create a carbon 
nanotube yarn (88-89). During pulling and twisting, the nanotubes entangle sufficiently to 
bind together forming a solid, stable fibre, as shown in Figure 13. Yarns produced through 
this method were found to have an electrical conductivity of 300 S cm-1. 
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Figure 13 – Production of carbon nanotube yarns through drawing of carbon 
nanotube forests (89).  
1.6 Fibres for Energy Applications in Literature 
1.6.1 Conducting Polymer Fibres 
Advanced fibres, that function as flexible electrodes, could allow them to be used in ways 
not accessible by typical battery technology. Many different materials have been used to 
produce such fibres, including conducting polymers. Their inherent conductivity and 
capacitive charge storage properties make them perfect candidates for these applications. 
Many different conducting polymers have been spun in to fibres, including PAni, 
polypyrrole and polythiophene. One well studied example is the use of PEDOT:PSS, first 
carried out by Okuzaki and Ishihara (78). In their work a PEDOT:PSS water suspension, 
purchased from Bayer Co Ltd., was wet spun using an acetone coagulation bath. Fibres 
were produced using a range of spinnerets, with inner diameters between 180 and 410 µm, 
allowing for the production of fibres between 5 and 15 µm in diameter. These fibres were 
found to have electronic conductivities and ultimate tensile strengths of 0.1 S cm-1 and 17.2 
MPa respectively. These fibres were found to be have a very smooth surface structure, as 
shown in the SEM image in Figure 14. 
 
Figure 14 – A wet spun PEDOT:PSS fibre produced by Okuzaki et al. (78). 
 17 
 
Further progress towards improving the electrical properties of the fibres was undertaken; 
one such example was reported by Jalili et al. (74). PEDOT:PSS was sourced in pellet 
form (Orgacon), and dispersed in water. Investigations into different coagulation baths 
found that both acetone and isopropanol successfully solidified fibres, with acetone 
consistently producing larger fibres than isopropanol, due to the quicker solidification rate. 
The mechanical strengths of the fibres were measured, with fibres spun from isopropanol 
producing the highest mechanical strengths of 125 MPa, and conductivity values of 9 S 
cm-1. Post-treatment of these fibres was performed using ethylene glycol and low 
molecular weight polyethylene glycol. Fibres were soaked in the solvent, before being 
oven dried at 120 oC for 30 min. Ethylene glycol increased the conductivity to 223 S cm-1, 
compared to 185 S cm-1 measured with fibres that underwent the polyethylene glycol 
treatment. To contrast this, the addition of ethylene glycol and polyethylene glycol 
individually to the spinning solution was measured; ethylene glycol showed no 
improvement in conductivity, however polyethylene glycol produced fibres with a 
conductivity of 264 S cm-1. Raman analysis of the fibres found that the Cα=Cβ peak arising 
from the backbone of the thiophene rings, occurring at 1426 cm-1 in the untreated fibre, 
was shifted lower by 7 cm-1 in the treated fibres. As this peak arises from the symmetrical 
stretching of the thiophene rings, the change in wavenumber is attributed to a change in the 
resonance structure of the benzoid form of the polymer.  
Building upon this, record high conductivities of 2,800 S cm-1 were obtained by 
Thoroddsen et al. (62). PEDOT:PSS was sourced under the Clevios PH1000 brand, and 
evaporated to form a 2.2 wt.% spinning solution. A coagulation bath consisting of an equal 
mixture of acetone and isopropanol was used. Four varieties of fibres were produced; all 
formed using wet spinning followed by a hot drawing process where the as-formed fibres 
were passed between two hot plates. The stretching of these fibres further increased the 
properties of the fibres, such as the electrical conductivity. Fibres were formed with no 
doping treatment, a pre-doping treatment (by the addition of ethylene glycol to the 
spinning solution), a post-doping treatment by immersion of the fibres in ethylene glycol, 
and a pre-post-treatment combining both treatments. Electrical conductivity values for 
these fibres are shown in Table 1. It can be seen that post-treatment has a greater effect 
than pre-treatment alone, but that the combination of both treatments is required to obtain 
the highest conductivities. 
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Fibre and Treatment Variant Electrical Conductivity (S cm-1) 
As spun 188 
With hot drawing 368 
With pre-treatment with ethylene glycol 607 
With post-treatment with ethylene glycol 1,304 
With pre and post-treatment with ethylene 
glycol 
2,804 
Table 1 – Conductivity values for PEDOT:PSS fibres wet spun, hot drawn, and 
treated with various ethylene glycol procedures. Reproduced from (62). 
Figure 15 shows atomic force microscopy (AFM) images detailing the phase separation 
between PEDOT regions and PSS. In these images the dark regions represent areas of PSS, 
while the lighter, yellow regions are for PEDOT. The left hand image represents an 
untreated as-spun fibre, while the right image is for a fibre pre-treated with ethylene glycol. 
A clear difference in the boundaries and separations can be seen, with the treated fibre 
having far less dark area, corresponding to an increased interaction between the PEDOT 
regions, thus increasing the conductivity. 
 
 
Figure 15 – Atomic force microscopy images of an untreated as-spun 
PEDOT:PSS fibre (left), and an ethylene glycol pre-treated fibre (right) (62). 
The hot-drawing process serves to better align the molecular chains within the polymer, 
aiding the electrical pathways throughout the structure. This process also decreased the 
diameter of the fibres; from 25 µm to 10 µm. Young’s Modulus values were also found to 
increase after ethylene glycol treatment, increasing from the as-spun value of 242 MPa to 
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410 MPa for treated fibres. These treatment steps present a method for improving a 
number of fibre properties, namely electrical conductivity and mechanical strengths, both 
essential properties for fibres to be used in wearable and flexible energy storage devices. 
Another commonly used conducting polymer is polypyrrole, which was wet spun into 
fibres by Wallace et al. (90). Polypyrrole was chemically synthesised, before being ground 
and dissolved in dichlorophenylacetic acid at 12 wt.%. A coagulation bath containing 40 % 
volume dimethylformamide in water was used. It was necessary to keep the fibre in the 
coagulation bath for 30 min after injection, followed by a further 4 h in a water bath. The 
fibres were then removed and dried in air. Mechanical analysis of the fibres determined 
their ultimate tensile strength to be 25 MPa, and their electrical conductivity found to be of 
the order of 3 S cm-1. Other research featuring polypyrrole, published by Foroughi et al. 
(91), used high molecular weight polypyrrole and the dopant di(2-
ethylhexyl)sulfosuccinate. A conductivity of 3 S cm-1 was found for these fibres after wet 
spinning, with mechanical strengths of 27 MPa. The effect of changing the polypyrrole 
polymerisation temperature was studied, and it was found that decreasing the temperature 
increased the tensile strength to 65 MPa and more than tripled the breaking strain to almost 
8 %, due to the formation of higher molecular weight polypyrrole and a higher degree of 
molecular ordering occurring within the fibres. This result, and that shown previously for 
PEDOT and PSS region size changes after treatment, show the importance of optimising 
the conducing polymer to best exploit the desired properties of the material(s). 
Fibres of PAni have also been prepared by wet spinning by Zhang et al. who demonstrated 
the production of PAni fibres using a large range of coagulation solvents (92). Through the 
use of these solvents, it was possible to produce fibres which did not require post-spinning 
doping treatments to produce electrical conductivity. Fibre spinning using coagulating 
baths containing aqueous solutions of small anions, such as carbonate and sulfate, 
produced very short fibres that were unsuitable for use. Small cationic molecules, such as 
propylamine hydrochloride and hexadecyltrimethylammonium bromide, also produced 
short fibres. Spinning into coagulation solutions containing polycations, including 
poly(allylamine hydrochloride) or poly(diallyldimethylammonium chloride) produced 
longer fibres, but still of low quality. Spinning using coagulation solutions containing 
poly(styrene sulfonic acid) (PSS) was found to produce longer, higher quality fibres. 
Increasing the concentration of PSS was found to increase the length at which fibres could 
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be produced, with concentrations at or above 10 % volume found to produce fibres in 
infinite length, with a smooth cylindrical profile, shown in Figure 16. The highest 
conductivities of 35 – 37 S cm-1 were obtained from low (2.5 to 5.0 %) concentrations of 
PSS, decreasing to 23 S cm-1 for solutions produced from 20.0 % PSS coagulation baths.  
 
Figure 16 - Fibres spun using coagulation baths containing 1.5 % (A), 5.0 % 
(B), 15.0 % (C) PSS (92). 
Conducting polymers have also been used by growing the polymer itself directly on to a 
surface or fibre. Leary et al. (93) grew PAni on carbon fibre fabric to produce 
pseudocapacitor electrodes. The fabrics were mounted to a steel electrode and immersed in 
a solution containing aniline, with sodium sulfate as the counter ion. The applied 
electropolymerisation voltage, deposition time, and aniline concentration were all varied to 
determine the optimum conditions for polymer growth. The PAni coated fibres produced 
were compared by measuring their specific capacitance at a constant current of 0.5 mA. It 
was found that longer deposition times for 0.01 and 0.10 mol dm-3 concentrations of 
aniline both increased the specific capacitance produced (Table 2). A maximum 
capacitance of 311 F g-1 was obtained from a 5 min deposition from 0.50 mol dm-3 aniline; 
longer times than this began to decrease the capacitance obtained. A voltage of 0.78 V vs. 
the Ag/AgCl reference electrode was found to be optimal. Again, this work shows that 
careful choice of the preparation and/or treatment conditions involved in the processing of 
conducting polymers is essential to best optimising their properties. 
 
 
 
 
A B C 
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Aniline Concentration 
(mol dm-3) 
Deposition Time 
(min) 
Specific Capacitance  
(F g-1) 
0.01 
10.0 4.2 
20.0 45 
0.10 
1.0 20 
5.0 166 
10.0 155 
20.0 276 
0.50 
5.0 311 
10.0 234 
20.0 220 
Table 2 – Specific capacitance values for PAni grown in carbon fibre fabrics for 
different deposition times and aniline concentrations. Reproduced from (93). 
1.6.2 Fibres Incorporating Carbon Nanomaterials 
While conducting polymers have been shown to exhibit impressive and useful properties 
on their own, combining them with other materials can greatly increase many desirable 
properties of the composites produced (94). One such avenue for exploration is the 
addition of nanomaterials within the fibres, with the aim of exploiting the enhanced 
properties possessed by many nanomaterials. For example, the addition of graphene and 
CNTs can be used to increase the electrical (30), electrochemical (30) and physical (75) 
properties of the fibres. 
One of the earliest examples imparting electrical conductivity to a composite fibre 
involved the injection of a dispersion of SWNCT into a solution of PVA (95). The 
resulting precipitation produced PVA-SWCNT ribbons and fibres. The electrical 
conductivity of these dried fibres was measured and found to be 10 S cm-1. Higher 
electrical conductivities of up to 186 S cm-1 were achieved for chitosan fibres, spun into 
solutions of chitosan instead of PVA, containing SWCNTs dispersed with hyaluronic acid 
(HA) (96). SWCNTs were dispersed in an aqueous solution of HA, before being injected 
into a rotation coagulation bath containing acetone. The resultant fibres were then 
extracted and dried, after which they were observed to have a ribbon-like structure. A 
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similar procedure, employing chitosan instead of HA was also performed, producing fibres 
with electrical conductivities of 23 S cm-1. This method presented a facile technique for 
incorporating such nanomaterials in to polymeric fibres, and demonstrated that the fibres 
are imbued with the properties of the SWCNTs. 
While the addition of nanomaterials to polymers has been demonstrated to enhance their 
electrical conductivity, this conductivity is limited due to the amounts of insulating 
material still present within the fibres. Using a conducting polymer instead presents a 
method to further increase the levels of electrical and electrochemical properties possible, 
by reducing the amount of insulating material. An example by Wallace et al. added 
SWCNTs to PEDOT:PSS fibres in a wet spinning process (30). Solutions of SWCNT with 
sodium dodecyl sulfate surfactant were prepared using sonication and centrifuging. Water 
soluble Orgacon PEDOT:PSS pellets were then added to specific volumes of these 
dispersions to produce PEDOT:PSS-SWCNT dispersions at a range of concentrations 
corresponding to volume fractions between 0.00 and 0.02 SWCNT. It was found that 
increasing amounts of SWCNT in the fibres produced a near linear increase in the ultimate 
tensile strength, from a value of 130 MPa up to a value approaching 200 MPa for a fibre 
containing a 0.02 volume fraction of SWCNT, as shown in Figure 17.  
 
Figure 17 – Effect of increasing the amount of SWCNT in a PEDOT:PSS-
SWCNT composite fibre on ultimate tensile strength (top) and strain (bottom) 
(30). 
An increase in the fibres’ electrical conductivity was also observed, increasing from a 
value of 200 S cm-1 for a pure PEDOT:PSS fibre, to a value near 450 S cm-1 for a 0.02 
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SWCNT volume fraction fibre. Again a near linear increase in conductivity is seen up to 
this point, suggesting that further increases may have been possible at higher SWCNT 
loading levels, until saturation occurs. Similar increases are also found for the fibres’ 
electrochemical properties, with specific currents in cyclic voltammetry increasing by 
roughly one order of magnitude. Comparing specific capacitance values for the fibres gives 
a value of 15 F g-1 for a pure PEDOT:PSS fibre, which increased to 67 F g-1 for a 0.02 
SWCNT volume fraction fibre. This work shows that mechanical and 
electrical/electrochemical properties can all be increased simultaneously by the addition of 
CNTs to a conducting polymer fibre.  
A second published work by Jalili et al. looked at the incorporation of pre-functionalised 
SWCNTs within a PEDOT:PSS fibre (75). This helps to avoid the use of additional 
surfactant(s) which can detract from the properties of the fibres produced due to being 
insulating, and disrupting contact between the nanomaterials within the polymer fibre. 
Polyethylene glycol functionalised SWCNTs were dispersed in water and Orgacon 
PEDOT:PSS pellets were added in the required amounts to produce fibres with volume 
fractions of functionalised SWCNTS of up to 0.12. Fibres were spun via injection in to an 
isopropanol coagulation bath through a 20 gauge needle. Measurements of tensile strength 
were performed, and it was found that strengths increased from roughly 125 MPa for a 
fibre with no nanotube content, up to 250 MPa for a fibre with 0.12 volume fraction 
functionalised-SWCNT. A larger increase is seen at the lower levels of nanotube content 
than is observed at higher contents, showing a reduction in the effectiveness of higher 
levels of nanotube loadings. An increase in electrical conductivity from 10 S cm-1 to 35 S 
cm-1 when moving from pure PEDOT:PSS fibres to a 0.12 volume fraction fibre was 
observed. Treatment with ethylene glycol showed a further improvement in conductivity, 
increasing to 400 S cm-1 at 0.016 volume fraction, and decreasing at higher loadings. The 
paper attributes this decrease to limited possibility for polymer reordering, due to the 
increased modulus seen in higher loading fibres. Another possibility is that the 
functionalised nanotubes, at higher loadings, begin to inhibit conductivity between PEDOT 
regions of the fibre, due to their reduced conductivity when compared with pristine 
nanotubes.  
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1.6.3 Fibres Incorporating Manganese Oxide(s) 
While fibres produced using conducting polymers are able to store charge through 
pseudocapacitive mechanisms, the addition of materials such as manganese dioxide has 
been used to greatly boost the total amount of charge that can be stored. 
Very little work has been reported for directly incorporating manganese oxides within 
fibres, especially within conducting polymers. One method of producing manganese 
dioxide within PEDOT was achieved by Lee et al., through immersion of a PEDOT 
nanowire in a solution of potassium permanganate (97). In this work PEDOT nanowires 
were electrochemically synthesised potentiostatically from a solution containing 100 mmol 
dm-3 of the 3,4-ethylenedioxythiophene monomer, with 100 mmol dm-3 lithium perchlorate 
at 1.2 V. The PEDOT produced was then immersed in solutions of potassium 
permanganate of concentration between 5 and 50 mmol dm-3, for durations of up to 10 
min. There is the possibility of adapting this method to produce manganese dioxide within 
PEDOT:PSS fibres by direct immersion of the fibres within potassium permanganate 
solutions. 
Electrochemical measurements were performed on the PEDOT-MnO2 composites via 
cyclic voltammetry and galvanostatic charge discharge techniques. After a 10 min 
immersion in 10 mmol dm-3 potassium permanganate, a quadrupling of the voltammetry 
current was observed, as well as an increase of over 500 % in the discharge duration. 
Square voltammetry profiles were observed at scan rates of up to 500 mV s-1, and the 
charge discharge capacitance was calculated to be 250 F g-1 at a current density of 5 mA 
cm-2, performed between 0 and 1 V in 1 mol dm-3 aqueous lithium perchlorate solution. 
Increasing the current density from 5 to 25 mA cm-2 yielded only a 20 % reduction in 
specific capacitance, decreasing from 250 to 200 F g-1. 
 
Figure 18 - TEM and EDS maps of a PEDOT-MnO2 composite nanowire (97). 
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The presence of manganese was confirmed using TEM and EDS mapping techniques 
(Figure 18). This analysis confirmed that manganese was successfully incorporated into the 
nanowires, and distributed throughout their diameter. 
Similar methods for the direct growth of manganese dioxide via dipping of fibres in to 
potassium permanganate solutions have been used for a range of fibre applications. These 
include carbon fibre cloths (98-99), PAni (100), and freestanding carbon nanofibres (101). 
Hence this is a versatile method for incorporating manganese dioxide into fibre materials. 
A more common method for incorporating manganese oxides is through the use of 
electrodepositions. This typically involves a solution containing manganese ions. When the 
fibre is employed as the working electrode, manganese oxides can be electrodeposited on 
the fibre. Through tailoring the solutions and concentrations used, the voltage/current 
employed, and the deposition time, control over the oxides produced can be achieved. 
However, as an electrochemical technique, this method requires a conducting fibre to be 
used as the working electrode, to form the oxides on it. One such example is the work of 
Zhang et al., who produced MnO2 on commercially available carbon fibre yarns (102). The 
electrodeposition was controlled using a constant current deposition, with durations 
dependant on the mass of yarn used. The electrodeposition solution consisted of 
manganese acetate and ammonium acetate. Increasing the electrodeposition duration 
yielded fibres with increasing amounts of galvanostatic charge discharge capacitance based 
on volume specific capacitance; however, when analysed as mass specific capacitance, a 
decrease in capacitance was observed with longer deposition times. As shown in Figure 19, 
a maximum mass specific capacitance was reported for fibres with 100 s deposition times, 
decreasing with longer deposition durations (shorter durations were not reported). This 
decrease shows the importance of choosing the optimal conditions at which to perform 
electrodeposition. Parameters such as the deposition voltage or current used, as well as the 
deposition duration are critical to producing materials with the highest possible properties. 
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Figure 19 – Volume specific (a) and mass specific (b) galvanostatic charge 
discharge values for deposition times between 0 and 500 s (102). 
Another example of electrodeposition is reported by Chen et al. describing the inclusion of 
MnO2 nanostructures into graphene fibres (103). In this work, a graphene fibre was 
produced through hydrothermal reduction of graphene oxide (104); this had a diameter of 
35 µm and conductivity in the region of 10 S cm-1. Additional graphene was then added to 
this fibre by the electrolysation of an aqueous solution of graphene oxide. Finally, MnO2 
nanomaterial was added to the fibre via electrodeposition from a solution of sodium sulfate 
and manganese sulfate. A constant current was employed, maintaining 400 µA cm-2 for a 
duration of 5 to 40 min. Various deposition times were analysed, and the resulting products 
analysed via SEM images, to monitor the growth, shown below in Figure 20. 
 
Figure 20 - MnO2 deposition at (a) 5 min, (c) 10 min, (d) 20 min, (e) 40 min (103). 
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The resulting fibres were analysed using cyclic voltammetry at a range of scan rates, 
between 10 and 100 mV s-1. It was found that fibres with shorter deposition times 
presented voltammograms closer to that of an ideal capacitive rectangle, with longer times 
deviating from this shape slightly. Higher currents were also observed with each increasing 
deposition time, showing a higher level of charge storage being produced. 
1.6.4 Fibre-Based Energy Storage Devices 
Devices have been produced and reported where fibre electrodes have been successfully 
paired and employed to produce fibre-based supercapacitor devices. These devices can in 
theory be produced from any flexible, fibre shaped material capable of conducting an 
electrical current. However, as with traditional capacitors, the capacity of these devices 
would be low, due to the lack of surface area or pseudocapacitive materials to store charge. 
As such, conducting polymers, carbon nanomaterials, and manganese oxides present 
excellent choices as materials from which to produce such devices. 
Looking again at the previously discussed work by Chen et al., on the inclusion of MnO2 
nanostructures into graphene fibres (103); two fibres each with a 40 min deposition time 
were twisted together and a gel electrolyte of H2SO4-PVA was used to form a 
supercapacitor system. Electrochemical testing of the symmetric capacitor determined the 
mass specific capacitance to be between 34 and 36 F g-1, higher than many other fibre-
based supercapacitors (105-106). This team also attempted the formation of a second, 
asymmetric supercapacitor system where one fibre did not contain MnO2. This system was 
found to have only 16 % of the capacitance of the symmetric device, highlighting that the 
MnO2 nanomaterial is key in achieving higher capacitances. This also demonstrates the 
need for both fibre electrodes to possess high levels of capacitance. Bend testing of the 
fibres found that the capacitor retained all of its capacitance even after 1,000 bending 
cycles. 
In another example of a fibre supercapacitor device, Cai et al. produced fibre-based 
microcapacitors using MWCNTs (107). MWCNTs were produced via standard chemical 
vapour deposition, and fibres were produced via drawing and twisting of the aligned 
forests. These fibres were found to have electrical conductivity in the region of 103 S cm-1, 
and a tensile strength of between 102 and 103 MPa.  PAni was then deposited onto the 
surface of the fibre electrochemically. To fabricate the microcapacitor, two fibres were 
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aligned and coated in an electrolyte solution (H3PO4–poly(vinyl alcohol)), as illustrated in 
Figure 21 below. Values for the specific capacitance of the system are reported in Table 3 
where a current density of 2 A g-1 was used for all weights. 
 
Figure 21 – Schematic of a microcapacitor containing twisted fibres within an 
electrolyte coat (a), SEM image of twisted CNT fibres (b) (107). 
Poly(aniline) Weight (%) Specific Capacitance (F g-1) 
0.0 4.5 
7.4 78 
19 114 
29 117 
48 274 
Table 3 - Specific capacitance values (at 2 A g-1) for varying weights of PAni (107).  
It is believed that the increase in specific capacitance with PAni is due to 
pseudocapacitance arising from the PAni coating. This could present options for extracting 
greater capacitance from other fibre based systems compatible with a PAni coating (or 
other suitable conducting polymer). The supercapacitors response to bending/flexing was 
also measured. The supercapacitor was found to retain over 97 % of its original 
capacitance after 50 full bending cycles. While there is some decrease in capacitance, 
suggesting that some damage is being done to the structure, it is a relatively low amount. 
Further testing above 50 cycles would be desirable, to determine if the capacitance 
degradation continued with successive bending cycles, or reached a plateau value after a 
certain point. 
Supercapacitor devices have also recently been produced from PEDOT:PSS fibres. Work 
by Wang et al. involved the wet spinning of PEDOT:PSS fibres, before producing twisted 
fibre yarns to be employed as electrodes (108). PEDOT:PSS fibres were wet spun from a 
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solution of 1 wt.% PEDOT:PSS dispersed from dry pellets, using a coagulation bath 
containing 75% volume ethanol and 25 % water, with 3 wt.% CaCl2 added to aid 
solidification. Sets of three fibres were braided together, before being aligned together to 
produce the supercapacitor device. The device was found to exhibit a volumetric 
capacitance of 20.9 F cm-3 at a current density of 50 µA cm-2. The device was found to 
retain 93 % of its initial capacity after 5,000 cycles, and no decrease in capacitance was 
produced after 2,000 bending/straightening cycles. This work shows the potential for 
producing fibre supercapacitor devices from PEDOT:PSS. The addition of other materials, 
such as manganese dioxide or carbon nanomaterials may present an opportunity to further 
enhance the properties of the devices produced. 
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1.7 Aim and Objectives 
The aim of this work was to develop optimised fibre-based electrodes that were suitable for 
energy storage applications. 
The objectives to achieve this were to: 
 Develop electrically conducting fibres from suitable materials such as insulating 
and conducing polymers. 
 Produce fibres via several fibre-production systems, including wet spinning. 
 Investigate the inclusion of carbon nanomaterials, specifically CNTs and graphenes 
within fibres, to enhance desirable properties such as electrical conductivity, charge 
storage, and mechanical strength. 
 Incorporate energy storage materials, such as manganese dioxide to enhance the 
charge storage capability of the fibres produced. 
 Characterise the materials and fibres produced, to allow optimisation in order to 
achieve the highest performance possible. The main properties of interest included 
the specific capacitance of the fibres, as well as the electrical conductivity and 
mechanical tensile strength. 
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2 Instrumentation and Methodology 
2.1 Instrumentation Analysis Details and Parameters 
2.1.1 Cyclic Voltammetry 
Cyclic voltammetry (CV) is a versatile and commonly employed electrochemical 
technique allowing investigation of the material’s electrochemical properties and response 
to a range of conditions. CV builds on linear sweep voltammetry by adding a return sweep, 
as such the voltage is swept between a start and end value (relative to the reference 
electrode used), at a controlled rate. This allows a full range of voltages to be analysed, in 
both voltage sweep directions. This scan can be repeated for a chosen number of cycles, 
allowing additional information to be obtained analysing performance over a given time 
frame. The electrolyte solution employed can be stirred, or used unstirred, allowing further 
tuning of the operating parameters and conditions. Through tailoring the use of voltage 
ranges, sweep rates, as well as the choice of electrolyte (especially if a redox probe is 
employed), a vast range of properties can be determined and investigated. Properties 
including capacitance, reaction kinetics, reaction reversibility, and reaction potentials can 
all be measured through CV.  
CV has been widely employed to measure fibres for use in energy storage devices, and as 
such was a key analysis technique for the work in this thesis. The electroactivity of 
polypyrrole fibres was measured by Foroughi et al. allowing comparison of their 
production method with other polypyrrole methods (91). Functional fibre supercapacitor 
devices have also been analysed using CV, for example Ren et al. produced a fibre 
supercapacitor (and fibre battery) employing carbon nanotube fibres with and without 
manganese dioxide, and compared their performance at different scan rates (109). Xu et al. 
compared the properties of a range of conducting polymer composites were compared 
through CV, allowing comparison of their capacitance at a range of scan rates (110) 
In this work, CV was predominately employed to analyse the capacitive effects of the 
fibres produced. This provides insight in to how different preparation methods, materials, 
and treatments may affect the charge storage ability of the fibres, in addition to charge 
discharge experiments. 
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CV measurements were performed on a Gamry Reference 600 potentiostat and an eDAQ 
EA163 potentiostat with e-corder 410. A standard three-electrode system was used, 
consisting of a platinum mesh counter electrode, a silver silver/chloride reference electrode 
(containing NaCl (3.0 mol dm-3)), and the fibre to be tested connected as the working 
electrode. 1.0 mol dm-3 sodium sulfate was used as an electrolyte, unless otherwise stated. 
To standardise comparison between different fibres, a known mass of fibre was employed. 
Typically, a 1 cm length of fibre was used for all experiments, unless explicitly stated 
otherwise. Scan rates between 1 and 200 mV s-1 were employed, with voltage ranges 
typically between 0.0 and 0.8 V vs. Ag/AgCl used. As the fibres were not typically 
destroyed during analysis (excluding testing to specifically determine voltage limits, which 
may damage the samples), the testing was deemed non-destructive, and the fibres could be 
reused, for example for charge/discharge cycling. 
For CV analysis employing a redox couple, 10.0 mmol dm-3 potassium ferricyanide in 0.1 
mol dm-3 potassium chloride was used. Voltammetry was performed at various scan rates 
between 10 and 200 mV s-1, and voltage windows between -1.0 and 1.0 V vs. Ag/AgCl. 
Through analysis of peak data, the accessible electrochemical surface area of each fibre 
was determined, using the Randles-Sevcik equation shown in Equation 3. 
 
Equation 3 – Randles-Sevcik equation. 
The following values were used for calculations: 
n = Number of electrons = 1 for this system 
F = Faraday Constant = 96,485 C mol−1 
A = Electrochemical surface area in cm2 
C = Concentration of ferricyanide = 1.0 × 10-5 mol cm-3 
v = Scan rate in v s-1 
D = Diffusion coefficient = 7.6 × 10-6 cm2 s-1 
R = Gas constant = 8.314 J K-1 mol-1 
T = Temperature in K 
𝑖𝑝 = 0.4463𝑛𝐹𝐴𝐶 (
𝑛𝐹𝑣𝐷
𝑅𝑇
)
1
2
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2.1.2 Charge Discharge Experiments 
Measuring the charge an electrode can store is essential to determine the effectiveness of a 
given fibre to function as a capacitor. While CV experiments apply a changing voltage to 
the fibre, charge discharge measurements apply a current to the fibre, and measure the 
voltage produced relative to the reference electrode employed. This current can be varied, 
and is chosen based on the mass of the fibre employed, and the desired current density. The 
voltage limits can be tailored, to examine the usable voltage window of the materials used, 
as well as the electrolyte chosen. In this work, a constant current was applied to the system 
until a desired voltage was reached. After this point, the same current was drawn from the 
system, and the decrease in voltage recorded. Once the voltage reached the set minimum, 
the cycle was finished. This charge/discharge process was then repeated as many times as 
chosen. As with CV, this testing was non-destructive, allowing the fibres to be reused. 
Charge/discharge cycling measurements are commonly used to characterise capacitor 
energy storage devices, and this technique has as such been widely employed on fibre-
based devices and their materials. For example, the fibres produced by Ren et al. 
employing carbon nanotube fibres for capacitor and battery applications were also 
measured using charge/discharge cycling, alongside their analysis through CV to further 
explore their capacitive properties (109). A carbon nanotube fibre supercapacitor mounted 
on a polymer substrate was produced and measured by Xi et al., exploring the device’s 
performance at a range of current densities (111). Xi et al. also demonstrated connecting 
and measuring such devices connected in series and in parallel, allowing further analysis as 
to device performance and functionality.  
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Figure 22 - Charge/discharge analysis of one, two, and three carbon nanotube 
fibre supercapacitor devices connected in series (111). 
In the work in this thesis, charge discharge experiments were performed using a Gamry 
Reference 600 potentiostat. For all charge discharge measurements in this work, the same 
three electrode system was used as per CV: a platinum mesh counter electrode, Ag/AgCl 
reference electrode (containing 3 mol dm-3 NaCl), and a fibre as the working electrode 
immersed in 1.0 mol dm-3 sodium sulfate. Fibres were analysed using a voltage range 
between 0.0 and 0.8 V, unless otherwise specifically stated. To allow direct comparison 
between fibres, a known weight of fibre was used, and currents adjusted accordingly to 
maintain a chosen current density. 
The amount of charge stored during each cycle was calculated using Equation 4: 
𝐶𝑠 =
𝐼 ∗ 𝛥𝑡
𝛥𝑉 ∗ 𝑚
 
Equation 4 – Specific capacitance for an electric double layer capacitor. 
Where Cs represents the specific capacitance of the fibre, given in F g
-1, t the discharge 
time in s, I the current density in A g-1, and ΔV the voltage window used in Volts. Δt is 
determined by measuring the gradient of the discharge curve in the upper 50 % voltage 
range, within which supercapacitors are most commonly charged/discharged (11). 
For initial capacitance measurements, the first cycle was used to calculate the capacitance. 
Repeated cycling was also employed for select fibres, up to 1,000 cycles, using the same 
parameters (e.g. voltage window, current density) for each successive cycle, and the 
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retention of the fibre’s capacity plotted as a percentage of the initial value obtained vs. 
increasing cycle count. 
2.1.3 Four-Point Electrical Conductivity 
The ability of a material to transport current with minimal resistance is essential, to 
minimise energy losses from heat generated through ohmic heating. For this purpose, it is 
necessary to design, produce, and measure fibres which have the highest possible electrical 
conductivity. It is necessary to accurately determine the resistance of individual fibres, 
used to determine their conductivity as a bulk property of the material. To do this, fibres 
were mounted using silver paint across four electrical pins of equal spacing of 2 mm apart. 
A constant current, typically 10 µA, was applied across the two outer pins using an eDAQ 
e-corder 410 with attached eDAQ EA163 potentiostat. The resultant voltage across the 
inner two pins was measured using a Keithley 2001 multimeter.  
From knowing the current applied, the voltage induced, and all distances involved (the 
length between pins, as well as the diameter of the fibre, measured using an optical 
microscope at multiple points along the fibre axis) it is possible to work out the resistance, 
resistivity, and conductivity of the fibres. 
The resistance of each fibre is given by the following equation: 
𝑅 =
𝑉
𝐼
 
Equation 5 - Calculation of resistance from voltage and current. 
where R is the resistance in Ω, V is the voltage measured in V, and I is the current applied 
in A. The resistivity (ρ) of each was calculated by taking into account the distances 
involved: 
𝜌 =
𝑅 ∗ 𝐴
𝑙
 
Equation 6 - Calculation of resistivity from resistance, area, and length. 
where A is the cross-sectional area in cm2, and l is the length between the points at which 
the voltage is measured in cm. Conductivity (σ) in S cm-1 was calculated as the inverse of 
resistivity: 
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𝜎 =
1
𝜌
 
Equation 7 - Calculation to determine conductivity from resistivity. 
While electrical conductivity measurements can provide information about how a fibre 
may perform, it alone cannot be used to determine the energy storage performance of a 
fibre. However, it can be a useful tool when comparing different fibres produced using 
similar techniques and/or components. The effect of different materials, processes, and 
treatments, for example, on conductivity can all be quickly determined, and used alongside 
other testing results to guide further development. Due to the need to glue fibres for 
attachment prior to measurement, this testing was destructive in nature. 
Electrical conductivity measurements have been routinely and widely used in materials 
analysis, including on fibre materials (112-115). Conductivity differences occurring 
through the use of different materials, proportions, or treatments are all measurable through 
this technique.  
2.1.4 Impedance Spectroscopy 
Impedance spectroscopy provides a more complex and in-depth analysis of the electrical 
properties of a material. By taking in to account more complex properties and phenomenon 
than are typically accounted for in electrical resistance understanding such as Ohm’s law, 
far more information about the material being analysed can be revealed. Impedance 
measurements are frequently performed by applying a voltage to the material, which is 
varied by a specified perturbation voltage, typically far lower than the voltage applied. 
This voltage perturbation is applied at a varying range of frequencies, and the effect 
recorded. A small perturbation voltage is required, so as to produce a linear, or pseudo-
linear current response in the system. The phase shifts in the signal induced, relative to the 
applied voltage, is used to determine the impedance of the system, presented as a real and 
imaginary component in Ohms. In this work, Nyquist plots were produced from these 
components, and used to determine the capacitance of the system. 
Impedance measurements were performed on a Gamry Reference 600 potentiostat. 
Measurements were taken at the open cell potential for each fibre system, using a 
perturbation voltage of 10 mV amplitude, and a frequency range of 0.01 – 100,000 Hz. A 
three-electrode setup was used for all measurements employing a platinum mesh counter 
 37 
 
electrode, Ag/AgCl reference electrode (containing 3 mol dm-3 NaCl), and the fibre as the 
working electrode, all immersed in 1.0 mol dm-3 sodium sulfate. Impedance measurements 
of this sort were non-destructive. 
Specific capacitances were calculated from Nyquist plots, taking data from above the 
‘knee’ frequency in the plot, where pseudocapacitive mechanisms occur. The capacitance 
was calculated using Equation 8, and mass specific capacitances were obtained by dividing 
the result by the mass of the fibre used. C represents the capacitance, f the frequency of the 
data point, and Z’’ the imaginary impedance component. 
 
Equation 8 - Calculation of capacitance from impedance data. 
Figure 23 shows example Nyquist plots, in which the ‘knee’ frequency is indicated (116). 
 
Figure 23 - Example Nyquist plots generated from electrical impedance 
spectroscopy data of polypyrrole/cellulose films. The ‘knee’ frequency is 
indicated on both plots (116).   
2.1.5 Raman Spectroscopy 
Raman spectroscopy can provide information on the chemical bonds present in a sample 
that are able to undergo a change in polarisability. In such an experiment, laser light of a 
specific wavelength is shone on to a sample. This light interacts in the sample in a number 
of ways, including Rayleigh scattering, as well as Stokes and anti-Stokes Raman 
𝐶 = −
1
2𝜋𝑓𝑍′′
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scattering. Rayleigh scattering is an elastic scattering, where the emitted photons have the 
same energy as the incident photons. However, when the photons interact with the 
molecule, a small number (typically one in multiple tens of millions) will be Raman 
scattered. This process involves an absorbed photon causing a transition between 
vibrational energy levels within an electronic energy level, promoting an electron to a 
temporary virtual excited state. This photon then drops down from this state, and in doing 
so emits a photon, returning to a different level than originally. This difference in energy 
can be positive (anti-stokes scattering), or negative (stokes scattering) depending on if 
energy was given to, or taken from the molecule. This emitted photon is then measured by 
the instrument, and used to build the Raman spectrum. A key difference between 
Rayleigh/Stokes/anti-Stokes scattering and, for example, infrared or fluorescence is in the 
promotion of the electron to a virtual energy state, rather than a different specific 
vibrational or electronic excited state. This difference is shown in Figure 24. 
 
Figure 24 – Comparison of the similarities and differences between IR, Rayleigh, 
Raman (Stokes and anti-Stokes), and fluorescence electron energy levels 
occurring after excitation (117). 
Raman spectroscopy often involves the use of microscopes to expose the sample to the 
laser, and also to collect the resulting scattered photons. This makes Raman microscopy a 
technique of great interest to fibre-based research, where the materials produced are often 
very small, typically on the scale of micrometres. Infrared spectroscopy, for example, 
would usually require far larger samples, which would be difficult and extremely time 
consuming to produce for fibre research. The analysis time of Raman spectroscopy is also 
typically low, on the order of single min for an individual point analysis, allowing rapid 
analysis of a fibre to be performed. The technique was also non-destructive, allowing 
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samples to be analysed and then used for other/further testing purposes. Raman 
spectroscopy has been employed to analyse a wide range of materials. For example, 
PEDOT materials have been analysed, identifying the optimal production methods, and 
investigating their effect on the material (118). Nanomaterials, such as graphenes, have 
also been analysed using Raman spectroscopy, allowing for determination of parameters 
such as the number of layers, and defect quality of the sheets (119). Raman analysis of 
manganese oxide materials was able to investigate the structure of the material(s) 
produced, as well as identify included ions (120). 
In this work Raman spectroscopy was used to confirm the presence of materials, as well as 
to analyse the effects of a range of chemical processes and treatments on these materials. 
Raman spectra were recorded using a Thermo Scientific DXR Raman Microscope with a 
532 nm laser with up to 10 mW power, and 10 x or 50 x objectives. Spectra were obtained 
using four collections of 15 s each, laser power was tailored to the specific material in 
question. 
2.1.6 Optical Microscopy 
Many aspects of the work in this thesis required analysis of the fibres on a level smaller 
than that obtainable by eye, or required accurate measurement of the fibres’ diameters. For 
this, optical microscopy images were taken using a Nikon Eclipse LV100 POL microscope 
equipped with 4 x, 10 x and 20 x objectives. Digital images were captured using a Nikon 
DS-Fi2 microscope camera. Measurements were taken with an appropriate objective for 
the size of the material being investigated. To ensure accurate and reliable measurements 
of fibre diameters, a minimum of 10 measurements along each fibre axis were taken, and 
an average of these used for calculations. Figure 25 shows an example of such 
measurements. 
 
Figure 25 - Example of fibre diamater measurements. 
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2.1.7 Scanning Electron Microscopy 
While optical microscopy can provide insight in to the properties of the fibres down to sub-
millimetre level, it was required to analyse the fibres on the scale of micrometres. For this 
purpose, scanning electron microscope (SEM) images were collected of the samples. SEM 
images are typically obtained by scanning a focused beam of electrons across the sample of 
interest, in an evacuated chamber. This beam is produced using an electron gun, typically 
employing a tungsten filament. This filament is heated electrically until it emits electrons, 
which are focussed using magnetic lenses, and is directed to scan over the sample. When 
the electrons interact with the sample several processes occur, including elastic scattering 
of the electrons, emission of secondary electrons from the sample, as well the emission of 
electromagnetic radiation from the sample. The detection of these species allows images 
and information on the sample to be produced, for example, secondary electrons are 
typically collected to produce the typical SEM image frequently displayed. A generalised 
schematic of an SEM is shown in Figure 26. 
 
Figure 26 – Generalised schematic of a scanning electron microscope, showing 
emission, focusing, sample, and detection components (121). 
SEM images were obtained using a JEOL USA JSM-7100F Analytical Field Emission 
electron microscope. Samples were mounted on an alumina-coated sample stub, and gold 
coated. Two applications of 1.5 nm gold coating were chosen and applied via an argon 
source gold sputter. Gold coatings were required due to the insulating glue used to attach 
fibres to the measurement stubs. For EDX analysis, gold coating was not employed, to 
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allow accurate elemental composition determination, and a direct contact between fibre 
and stub ensured, to allow conductivity. A typical working distance of 10 mm was 
employed to allow reliable focusing on the samples required, with an acceleration voltage 
between 5 and 15 KV. Due to the need to attach fibres to gold stubs, and potentially gold 
coat the samples, SEM analysis was a destructive technique. 
2.1.8 X-ray Photoelectron Spectroscopy 
In X-ray photoelectron spectroscopy (XPS), a beam of X-rays is irradiated upon a sample, 
and the kinetic energy and number of electrons emitted are measured. The electrons used 
to irradiate the sample are required to be of a fixed, known energy. The resulting kinetic 
energy of expelled electrons can then be used to determine the binding energy of that 
electron, and thus reveal information about the origin of the electron in the sample (122-
123). XPS typically analyses the surface of a material, and can produce quantitative data 
on the elemental makeup of the material in question. This enables minor changes in 
chemical composition of materials to be determined through analysis of the elemental 
changes occurring. The sample can also be subjected to other treatments, such as surface 
ablation, fracturing, electromagnetic radiation exposure, etc. and the resulting changes 
characterised. A simplified example XPS instrument is shown in Figure 27.  
 
Figure 27 – Simplified example schematic diagram of an XPS instrument 
showing electron source, sample, and electron collection/detection equipment 
(124). 
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XPS has been used as a method for identifying the effect of treatments on materials such as 
PEDOT:PSS, through quantitative comparison of elements present within the material. For 
example, the amount of sulfur before and after chemical treatment (for example with 
sulphuric acid) is measured, and used to understand the effect of the treatment (60) (125). 
XPS data was obtained using a ThermoFisher Scientific Theta Probe spectrometer. XPS 
spectra were acquired using a monochromated Al Kα X-ray source (h = 1,486.6 eV). An 
X-ray spot of ~400 μm radius was employed in the acquisition of all spectra. Survey 
spectra were acquired employing a pass energy of 300 eV. High resolution, core level 
spectra for S2p were acquired with a pass energy of 50 eV. The manufacturer’s Avantage 
software was used which incorporates the appropriate sensitivity factors and corrects for 
the electron energy analyser transmission function.  
2.1.9 Dynamic Mechanical Analysis 
Dynamic mechanical analysis (DMA) provides information on the mechanical strengths 
and properties of materials. The testing equipment consists of two metal clamps, into 
which the sample is fixed. The clamps supply a known force to the sample, through the 
movement of the lower clamp, thus pulling on the immobilised sample. A range of 
complex measurements can be performed, such as applying a varying and/or repeating 
stress to a material, while changing parameters such as the frequency of the force variation, 
or the temperature of the environment. 
DMA was performed to gauge the effect of applying a linearly increasing stress on the 
fibres, using a TA Instruments Q800 instrument. Analysis was performed using a using 0.1 
mN preload force, and an appropriate rate of force increase (between 0.02 and 2 N min-1, 
chosen to provide sufficient data points for each sample. Stress-strain plots were obtained 
and analysed to determine ultimate tensile strength, along with yield strain, and Young’s 
modulus values. 
Direct attachment of the fibres to the clamps was not possible, due to limited grip caused 
by the thin diameter of the fibres produced in this work. To combat this and allow reliable 
fibre attachment, fibres were glued between two rectangular windows of paper, as shown 
in Figure 28. This allowed for the fibre to extend across this window. Once clamped in the 
instrument, each side of the paper was cut, allowing for measurement of only the desired 
fibre in question. Due to the nature of the test, this method of testing was destructive. 
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Figure 28 – Example paper window used for dynamic mechanical analysis testing. 
2.1.10 Thermogravimetric Analysis 
Thermogravimetric analysis (TGA) involves heating a known mass of sample in a 
controlled atmosphere, are a pre-defined temperature range. The system can hold a specific 
temperature, or increase/decrease the temperature at a desired rate, to allow analysis of the 
material(s) over a range of temperature changes and ranges. The atmosphere can be 
changed, for example running in an inert gas atmosphere to avoid combustion of the 
sample, or in air to better represent standard conditions. TGA can analyse both physical, 
and chemical changes a material undergoes when subjected to a defined heating/cooling 
regime. Properties such as the thermal decomposition of a material, or changes in mass due 
to oxidation can be identified. This can be used to determine the amounts of individual 
constituents in a composite material, by analysing the mass change at different 
temperatures. 
In this work, TGA was performed on a TA Instruments TGA Q500, with heating runs 
performed between 20 oC and a maximum of 900 oC at a ramp rate of 10 oC min-1 in air. 
Samples were cut to an appropriate length (< 4 mm) for the pan being used, before being 
loaded in to the platinum pan, the mass zeroed, and transferred to the furnace for heating. 
Multiple fibres may be required to reach the minimum mass required for the instrument, 
typically at least 0.2 milligrams.  
2.2 General Wet Spinning Equipment 
For all fibres in this work produce by wet spinning, wet spinning was performed by 
injection of the spinning solution into a non-solvent bath though a needle of chosen size. 
The rate of injection was controlled using a syringe pump, and collection of the fibres 
within the coagulation bath was performed using a rotating stage with variable speed. 
Fibres were then extracted using tweezers, and dried under ambient laboratory conditions, 
unless otherwise stated. 
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Control over fibre diameter was possible by varying the diameter of the needle employed, 
along with changing the injection rate of the spinning solution. Spinning solutions were 
prepared prior to the spinning process. Details of the specific coagulation baths employed, 
as well as the spinning solution preparation procedure(s) are given in the respective 
sections. 
2.3 Wet Spinning of Ionic Liquid Dispersion Fibres  
Acetone, xanthan gum, 1-ethyl-3-methylimidazolium tetrafluoroborate, and 1-butyl-3-
methylimidazolium tetrafluoroborate were purchased from Sigma Aldrich and used as 
received. Single-wall (Nanocyl 1100, 70+ wt.% carbon) and multi-wall (Nanocyl 3100, 
95+ wt.% carbon) CNTs were purchased from Nanocyl. Graphene nano platelets were 
purchased from XG Sciences (xGnP-M-25, serial number S110911). All chemicals were 
used as received unless otherwise stated. 
CNT and/or GNP nanomaterials were added to the above ionic liquids, in the amounts 
shown in Table 4 below, and horn sonicated in pulses of 1 sec on/1 sec off for 45 min at 
30 % amplitude, using an ice/water bath to control the temperature of the dispersion. Fibres 
were produced by manual injection of these dispersions into a xanthan gum coagulation 
bath of the concentrations in Table 4 using a 16 gauge (1.19 mm inner diameter) blunt 
needle. After injection, fibres were left to coagulate overnight, before being transferred 
into a water bath for 30 min to remove any excess xanthan gum. Fibres were then placed 
for 5 min into an acetone bath to help remove excess water, before being hung vertically 
and allowed to dry under ambient conditions.  
Fibre 
CNT Concentration 
(wt.%) 
GNP Concentration 
(wt.%) 
Coagulation Bath 
Concentration (wt.%) 
SW-A 1.00 - SWCNT 0.00 0.05 
SW-B 0.75 - SWCNT 0.25 0.05 
SW-C 0.50 - SWCNT 0.50 0.05 
MW-A 0.50 -  MWCNT 0.00 0.10 
MW-B 0.38 -  MWCNT 0.13 0.10 
MW-C 0.25 -  MWCNT 0.25 0.10 
Table 4 – Nanomaterial weights added to ionic liquids 1-ethyl-3-methylimidazolium 
tetrafluoroborate and 1-butyl-3-methylimidazolium tetrafluoroborate. 
 
 45 
 
2.4 Production of Scrolled Film Fibres 
Poly(vinyl alcohol) (PVA) and Orgacon PEDOT:PSS were purchased from Sigma Aldrich 
and used as received unless otherwise stated. Sulfuric acid (used at 1.5 mol dm-3), formic 
acid (used neat), and DMSO (used neat) were each purchased from Sigma Aldrich. 
In chapter 4, aqueous solutions were produced from PEDOT:PSS and PVA with weights of 
0.20 g and 0.10 g, dissolved in 20 cm3 deionised water respectively. All films were 
produced from 20 cm3 aqueous solutions cast in 90 mm plastic petri dishes, before being 
allowed to dry overnight under ambient conditions. Once completely dried, each film was 
removed from the petri dish, and cut into strips (90 mm × 2 mm). Filtration-based 
formation of films was carried out by vacuum filtering a known volume of mixed solution 
through nitrocellulose-based (NC) filter papers. The paper and formed layer were then 
dried in an oven at 50 oC to remove residual water. Removal of the filter paper was 
performed by dissolving the NC filter paper in acetone. The films were then removed and 
allowed to dry under ambient conditions, before being cut into 2 mm strips and used. A 
method was developed to allow pre-cut films of polymer-based materials to be scrolled 
into fibres. In this procedure films were first cut in to strips 2 mm in diameter. One end of 
this film was attached to a glass petri dish, while a rotational force was applied to the other 
end. Varying amounts of rotation could be applied, allowing for control of the degree of 
scrolling in the fibres produced. After scrolling was completed, the free end of the film-
fibre was also attached to the glass dish, and left. Fibres were immersed in a solution of 
90/10 methanol/water, to soften the polymer to increase elasticity and allow scrolling to 
occur without tearing or breakage. Once fully dried, the fibres retained their scrolled 
structure and were easily removed for analysis. 
2.4.1 Chemical Treatment of Produced Fibres 
Post-scrolling treatment of the fibres was performed using saturated sodium sulfate 
solutions, as well as 1.5 mol dm-3 sulfuric acid, 25.2 mol dm-3 formic acid, and neat 
DMSO. For this, fibres were restrained at each end in Hoffman clamps, before being 
immersed into the solution, as shown in Figure 29, for 5, 60, or 120 min. The fibres were 
then removed from solution, and dried in the oven at 140 oC for 60 min to complete the 
treatment. Once dried, the fibres were removed from the Hoffman clamps. Fibres were 
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held so as to produce a straight fibre, but without applying tension to the fibre during 
treatment or drying, so as so observe only the effect of chemical treatment on the fibres. 
Chemical cross linking of the PVA alcohol groups (126-127) of the fibres was also 
attempted via immersion of the fibres in saturated aqueous solutions of sodium sulfate, for 
up to 48 h. The fibres were removed and washed, before being allowed to dry under 
tension. Once dry the fibres were removed from the Hoffman clamps. 
 
Figure 29 - Digital camera photograph of PEDOT:PSS-PVA fibres clamped in 
Hoffman clamps and immersed in solution for chemical cross-linking. 
2.5 Wet Spinning of PEDOT:PSS Fibres 
Orgacon PEDOT:PSS (water soluble, dry re-dispersible pellets), acetone, iso-propanol, 
sulfuric acid, formic acid, dimethyl sulfoxide, and manganese(II) acetate, were all 
purchased from Sigma Aldrich and used as received. Clevios PH1000 PEDOT:PSS was 
purchased from Heraeus. 
As detailed in chapter 5, two different PEDOT:PSS spinning solutions were prepared, 
sourced from Orgacon and Clevios PH1000. A dispersion of 2 wt.% Orgacon PEDOT:PSS 
pellets was produced by dispersing 0.2 g of pellets in to 10 cm3 of distilled water, using 
magnetic stirring. Clevios PH1000 dispersions were produced by evaporating 20 cm3 of 
neat 1 wt.% PEDOT:PSS at 50oC to form a 2 wt.% solution. Dispersions were injected 
through a 16 or 28 gauge (1.19 and 0.18 mm inner diameter) needle at a rate of 0.75 or 
0.05 ml h-1 respectively into a coagulation bath (50:50 volume mixture of acetone and iso-
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propanol, in a glass bath with a radius of 10 cm) rotating at 10 rpm. Fibres were extracted 
and hung to dry in air at ambient conditions for several h.  
Treatment of wet-spun fibres was performed by immersion of the fibres in solutions of 1.5 
mol dm-3 sulfuric acid (60), 25.2 mol dm-3 formic acid (95 %) (128), and 100 % DMSO 
(129). Fibres were immersed for 5, 60 and 120 min before being extracted, and hung in a 
140 oC oven for 30 min. 
2.6 Formation and Protection of Manganese Dioxide Coatings 
PEDOT:PSS fibres were prepared from Orgacon and Clevios sources using the methods 
detailed in chapter 5. These fibres were treated with DMSO as also described in chapter 5. 
Dip immersion was performed in chapter 6 by immersing a section of the fibre in an 
aqueous potassium permanganate solution ranging in concentration between 0.1 mol dm-3 
and 1 µmol dm-3 for between 1 min and 1 h. Fibres were then removed and immersed in 
water to wash. 
Electrochemical manganese dioxide and conducting polymer formation was carried out by 
immersing the required length of fibre in the manganese or monomer solution. In this, the 
immersed length of fibre was employed as the working electrode. The desired voltage was 
applied for the chosen time, and the fibre was then removed and washed. For depositions 
from manganese(II) acetate, a concentration of 20 × 10-3 mol dm-3 was employed with 
voltages between 0.7 and 1.2 V tested. An aqueous solution containing 1 × 10-3 mol dm-3 
distilled pyrrole and 1 × 10-3 mol dm-3 KCl was used for production of polypyrrole. For dip 
coatings of PEDOT:PSS, Orgacon and Clevios PH1000 sources were used, each at 1 wt.%, 
with 2 min immersions. 
All electrodepositions were performed using a three-electrode system consisting of a 
platinum mesh counter electrode, Ag/AgCl reference electrode, and the fibre working 
electrode.  
2.7 Addition of Nanomaterials into PEDOT:PSS Fibres 
In chapter 7, direct addition of birnessite to PEDOT:PSS was performed by adding 0.0 to 
0.2 wt.% of nanomaterial (relative to the total mass) to 1.0 or 2.0 wt.% PH1000 
PEDOT:PSS solution, followed by treatment in a 100 W sonication bath. Production of 
aqueous dispersions of nanomaterials was through the addition of the nanomaterials to 
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water, at concentrations between 0.01 and 0.50 wt.%, before being sonicated using a 500 
W ultrasonic horn and/or 100 W bath. The dispersions produced in each step were 
analysed using optical microscopy.  
Aqueous dispersions of birnessite were produced by adding birnessite powder to water at a 
concentration of 0.50 wt.%. This dispersion was sonicated using a 500 W horn sonicator at 
40 % amplitude for 1 h of sonication time. 1 sec on/1 sec off pulse sonication was 
employed, with an ice/water bath to control the temperature. Solutions for wet spinning 
were then produced by adding varying volumes, between 0.5 and 5.0 ml, to 5.0 ml of 2.0 
wt.% PH1000 PEDOT:PSS. This solution was stirred, before being used for wet spinning 
of fibres. 
Dispersions of functionalised carbon nanomaterials were produced at concentrations 
between 0.01 and 0.50 wt.% and subjected to up to 3 h of horn sonication at 40 % 
amplitude (pulsed 1 sec on/1 sec off) using an ice bath to maintain temperature. These 
dispersions were added to 5 ml of 1 and 2 wt.% PH1000 PEDOT:PSS at volumes between 
0.5 and 2.5 ml, stirred, and used for wet spinning of fibres. 
Wet spinning was performed using the same parameters as used for the thin (~ 20 µm) 
PH1000 PEDOT fibres detailed in chapter 5. Dispersions were injected through a 16 gauge 
(0.18 mm inner diameter) needle at a rate of 0.05 ml h-1 into a coagulation bath (50:50 
mixture of acetone and iso-propanol, in a glass bath with a radius of 10 cm) rotating at 10 
rpm. Fibres were extracted and hung to dry in air at ambient conditions for several h.  
All testing was also performed as per the parameters previously defined and used, to allow 
for direct comparison of the properties of PH1000 PEDOT:PSS fibres with and without 
nanomaterial addition. 
2.8 Production of Flexible Fibre-Based Supercapacitor Devices 
Devices were produced as symmetrical supercapacitors in chapter 8. A gel electrolyte 
consisting of 1 wt.% phosphoric acid and PVA was produced by adding both materials to 
water and heating at 60 oC. 
A line of gel electrolyte with a width of 2 mm was deposited on a hydrophobic paper 
backing, into which two test fibres were placed, each with 1 mm extending at one end to 
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allow for electrical connection. This was then placed in an oven at 50 oC for 1 h to dry the 
electrolyte.  
Devices were connected as a two-electrode capacitor. Charge discharge measurements 
were produced using constant-current methods, at current densities between 0.1 and 10.0 A 
g-1, and at voltage windows of up to 1.8 V. CV was performed at scan rates between 1 and 
200 mV s-1 and at voltage windows of up to 1.8 V. 
2.9 Connection of the Fibres to a Potentiostat 
A special note is required describing the method for connecting fibres to the potentiostats 
employed in this work. Due to the small diameters of many fibres produced in this work, 
typical crocodile clips and even tweezers were not able to successfully attach to the fibre 
used, causing poor electrical connections and thus highly erratic and noisy data to be 
obtained. 
To solve this issue, fibres were attached to thin-nosed tweezers using silver conductive 
glue (as per conductivity measurements), and the tweezers were then attached to the 
potentiostats using standard crocodile clips. This additional glue allowed for a reliable 
connection between fibre and electrochemical equipment. 
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3 Ionic Liquid Dispersion Fibres 
3.1 Introduction 
Room temperature ionic liquids (RTIL) are molten salts which are typically defined as 
having a melting point below 100 oC, and even at room temperature (130). While some 
uncertainty surrounds their initial discovery, the first observed RTIL is attributed to Paul 
Walden (131-132). Ionic liquids occur over a wide temperature range, and are able to be 
produced by simple means such as heating. However, this use of high temperatures, makes 
them unsuitable for many applications, while also requiring high energy inputs, also 
leading to safety/handling requirements. RTILs, on the other hand, have the desired 
properties of an ionic liquid but in a more easily processable and environmentally friendly 
temperature range. A large number of RTILs are known, consisting of a wide range of 
cations, such as pyridinium, methylimidazolium and thiazolium (131), and anions such as 
halides, tetrafluoroborate, and hexafluorophosphate (131). An example structure of 1-
butyl-3-methylimidazolium tetrafluoroborate is shown in Figure 30. 
 
Figure 30 – Chemical structure of 1-butyl-3-methylimidazolium-
tetrafluoroborate (133). 
RTILs have been used in varied applications, as solvents for a range of materials. One such 
use is the extraction of cellulose, allowing for easy processing of the material to produce 
films (134). It is possible to perform electrochemical reactions within ionic liquids, with 
(butyl-1-methylpyrrolidinium bis(trifluoromethanesulfonyl)amide being used as an 
electrolyte in a magnesium air battery as one example (135). Ionic liquids are also 
frequently used as green solvents (130) (136), as well as finding use as friction modifiers 
(137), and even the extraction of plutonium (138). In recent years there have been several 
papers showing that RTILs are a possible medium for dispersing carbon nanomaterials 
(139-140), including graphene and CNTs. RTILs have the advantage over other solution 
based dispersion methods as they may not require the use of an additional dispersant, such 
as a surfactant or polymer to enable the nanomaterials to be stabilised in solution. This 
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allows for easier manipulation of the materials, as well as fewer unwanted chemicals in the 
dispersions and/or products. 
This chapter details the investigation of a RTIL system to disperse single and mutli-wall 
CNTs, as well as graphene nano platelets, to allow the production of conducting fibres. It 
has been shown that RTILs can disperse nanomaterials at levels which may allow for fibre 
spinning (139-140). Typically, fibres formed via wet spinning of nanomaterial dispersions 
require the use of surfactants or polymer solutions to successfully disperse the 
nanomaterials prior to spinning. Being able to disperse nanomaterials directly into the 
solvent being used could present interesting benefits, due to having less unwanted material 
to remove from the fibres after formation (for example the surfactant, and/or additional 
solvents employed). 
3.2 Aim 
The aim the study described in this chapter was to utilise carbon nanomaterials, such as 
CNTs and graphene, RTILs to create electrically conductive fibres for use as electrodes in 
energy storage devices. To produce fibres via wet spinning, the preparation of high quality, 
homogenous dispersions of nanomaterials within a suitable chosen RTIL is required. This 
involved the identification of a suitable RTIL, into which nanomaterials can be added. 
Treatment steps such as sonication were utilised to optimise the dispersions formed. A 
suitable coagulation system was sought, to allow fibre solidification/precipitation, followed 
by extraction and drying of the fibres.  
The fibres produced were analysed and tested using CV, four-point electrical conductivity, 
Raman spectroscopy, DMA, and SEM. 
3.3 Results – RTIL-Based Fibres 
3.3.1 Coagulant Determination (Drop Test) 
To determine a method for producing fibres from CNT dispersions in RTILs, various 
different potential coagulants were analysed via drop testing of the dispersion into a small 
quantity of each coagulant. Drop testing was a necessary step as a suitable coagulant 
needed to be found, as to the best of my knowledge, none had been reported previously for 
dispersion systems such as these. The desired coagulant would dissolve the RTIL but not 
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disperse the nanomaterials being used. This would allow for the dispersions to precipitate 
and entangle into solid fibres when injected into the coagulant solution.  
1-ethyl-3-methylimidazolium tetrafluoroborate (EMIBF4) and 1-butyl-3-
methylimidazolium tetrafluoroborate (BMIBF4) have both been demonstrated previously to 
disperse carbon nanomaterials including graphenes and CNTs (141-142) at levels sufficient 
to potentially allow the wet spinning of fibres. It was found that 1-butyl-3-
methylimidazolium tetrafluoroborate (BMIBF4) was superior at dispersing carbon 
nanomaterials than EMIBF4 (141-142). As such, BMIBF4 (Figure 30) was used as the 
dispersant for all work in this chapter. A dispersion of GNP in BMIBF4 was produced at 
1.0 wt.%, and a dispersion of SWCNT at 1.0 wt.%, both were found to produce stable 
dispersions. In total, 27 unique potential coagulation chemicals were tested, in addition to 
combinations of these chemicals mixed with water. Potential coagulants were chosen so as 
to include a range of varieties, including hydrophilic/hydrophobic types, options yielding 
different pHs, various salt concentrations, and organic solvents. Of all the options tested, 
only aqueous solutions of xanthan gum (XG) showed any promise for precipitating fibres.  
3.3.2 Coagulation System Optimisations 
The dispersions of 1.0 wt.% GNP and a dispersion of 1.0 wt.% SWCNTs were injected 
into concentrations of XG ranging between 0.01 and 0.10 wt.%. Dispersions of graphene 
could not be reliably spun and dried into fibres in any of the concentrations of XG. 
However, dispersions of 1.0 wt.% SWCNT formed fibres in solutions of XG between 0.01 
and 0.50 wt.%, suggesting that the greater entanglement found when using SWCNTs was 
superior in fibre formation than GNPs. Fibres in this chapter are named after the dispersion 
from which they are formed, as such the concentrations of materials in the fibres are 
assumed, and may not be exactly the same as in their respective initial dispersions, due to 
incomplete dispersion, as well as coagulation/agglomeration occurring during the 
preparation and spinning stages. 
CV was performed on 1.0 wt.% SWCNT fibres produced in various XG concentrations, as 
shown in Figure 31. Reducing the concentration of the XG from 0.10 wt.% to 0.01 wt.% 
showed only a slight change in the angle of the voltammogram, with lower concentrations 
showing higher maximum currents. However, no change in the profile of the 
voltammograms towards that of the idea rectangle was observed. It was found that 0.01 
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wt.% XG solutions were not capable of reliably producing fibres, with the majority of 
fibres breaking during extraction and drying. 0.05 wt.% XG was found to be the lower 
concentration limit, and was therefore used for all further production of SWCNT fibres in 
this chapter. 
 
Figure 31 - CV comparison of 1 wt.% SWCNT fibres produced in differing 
concentrations of XG coagulant. Measured at 100 mV s-1 vs. Ag/AgCl electrode, 
0.01 mol dm-3 phosphate buffered saline (PBS) electrolyte. 
Dispersions of MWCNTs between 0.10 and 1.0 wt.% were also produced, for comparison 
with SWCNTs. It was found that MWCNTs required higher concentrations of XG to 
successfully produce fibres. While it would have been preferable to produce and compare 
both CNT types using the same concentration of XG, this was not possible. Production of 
MWCNT fibres was tested using XG concentrations ranging from 0.50 wt.% to 0.01 wt.%; 
and it was found that only concentrations above 0.10 wt.% were able to form fibres. 
3.3.3 Fibre Production and Characterisation 
The previous studies showed that the optimal concentration of a XG coagulation bath was 
0.05 wt.% for SWCNTs, and 0.10 wt.% for MWCNT dispersions. Optimisation of the 
dispersion concentrations was also necessary in order to produce fibre-based electrodes 
with the best electrochemical performance. It was found that higher concentrations of 
CNTs produced more reliable, consistent fibres than lower concentrations. This is believed 
 54 
 
to be due to the inclusion of higher amounts of conducting nanomaterials in the fibre, with 
lower amounts of insulating polymer. The upper concentrations limits of CNT dispersions 
were investigated and found to be 0.5 wt.% for MWCNTs and 1.0 wt.% for SWCNTs. 
Concentrations of nanomaterials above these limits no longer produced dispersions, but 
partially dispersed pastes which were unsuitable for fibre spinning, as shown in Figure 32. 
 
Figure 32 - Optical microscopy of a 2.0 wt.% SWCNT paste in BMIBF4, showing 
poor dispersion of SWCNTs within the RTIL. 
To investigate the potential synergistic effects of the additional inclusion of GNPs in the 
fibres, CNT dispersions that included additional GNPs were also produced, (Table 5). 
Nanomaterial weights and ratios were tailored to keep total dispersion concentrations at 1.0 
wt.% and 0.5 wt.% for SWCNT and MWCNT based dispersions respectively. Fibres were 
successfully spun for all dispersions listed in Table 5, using 0.05 wt.% XG coagulation 
baths for SWCNT dispersions, and 0.10 wt.% baths for MWCNT dispersions. 
Fibre 
CNT 
Concentration 
(wt.%) 
GNP 
Concentration 
(wt.%) 
Coagulation Bath 
Concentration 
(wt.%) 
SW-A 1.00 - SWCNT 0.00 0.05 
SW-B 0.75 - SWCNT 0.25 0.05 
SW-C 0.50 - SWCNT 0.50 0.05 
MW-A 0.50 -  MWCNT 0.00 0.10 
MW-B 0.38 -  MWCNT 0.13 0.10 
MW-C 0.25 -  MWCNT 0.25 0.10 
Table 5 - Summary of concentrations of RTIL-CNT+GNP dispersions and 
coagulation baths employed. 
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3.4 Fibre Electrical Conductivity 
Electrical conductivity measurements, shown in Table 6, reveal that all fibres exhibit 
conductivities within the same order of magnitude, ranging between 10 - 40 S cm-1 with 
high variation (RSDs ranging from 14 – 53 %). These conductivities compare well with 
many similar polymer-containing fibres previously reported: fibres formed from SWCNTs 
with alginate were reported to have a maximum conductivity of 3.2 S cm-1 (112). Fibres 
from chitosan, carrageenan and CNTs were reported with a maximum conductivity of 31.7 
S cm-1 (143).  
Fibre Type 
Average Conductivity  
(S cm-1) 
Relative Standard 
Deviation (RSD) (%) 
SW-A 22 ± 4.5 20 
SW-B 20 ± 5.7 29 
SW-C 18 ± 2.5 14 
MW-A 22 ± 12 53 
MW-B 20 ± 6.5 32 
MW-C 31 ± 9.9 32 
Table 6 – Four-point electrical conductivity measurements for RTIL produced 
fibres SW-A, SW-B, SW-C, MW-A, MW-B, and MW-C. Error represents one 
standard deviation for repeat measurements with n ≥ 5 fibre replicates. 
3.5 Fibre Electrochemical Properties - Cyclic Voltammetry 
CV on fibres produced from the dispersions listed in Table 6 was carried out using 0.01 
mol dm-3 PBS electrolyte and a scan rate of 100 mV s-1. Figure 33 shows CV of the three 
different variants of both SWCNT and MWCNT fibres. 
 
Figure 33 – CV of fibres SWCNT-based fibres (left), and MWCNT-based fibres 
(right). Measured at 100 mVs-1 vs. Ag/AgCl reference in 0.01 mol dm-3 PBS. 
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A difference in voltammogram profile is observed between SWCNT and MWCNT-based 
fibres, with MWCNT fibres showing a profile closer to an ideal capacitive rectangle. Table 
7 shows averaged currents for each SWCNT and MWCNT fibre type at 0.4 V as well as 
the RSDs. Higher currents at 0.4 V were seen for all MWCNT-based fibres than for 
SWCNT-based; this may partly be a product of the more rectangular profile of the 
voltammograms for MWCNT-based fibres. It can also be attributed to the higher carbon 
purity of the MWCNTs used, at 95 % relative to 70+ % for SWCNTs used. As MWCNTS 
could be used at a much lower concentration, the dispersion may be of higher quality, 
yielding more homogenous fibres, as seen in the lower RSDs observed for MWCNT fibres. 
However, due to the level of variation for each fibre, no definitive conclusions between 
fibres within each CNT variant can be drawn from this testing alone. 
Fibre 
Current at 
0.4 V (A g-1) 
Current RSD 
at 0.4 V (%) 
SW-A 0.34 ± 0.12 35 
SW-B 0.20 ± 0.12 61 
SW-C 0.20 ± 0.11 57 
MW-A 0.70 ± 0.12 30 
MW-B 0.63 ± 0.06 10 
MW-C 0.58 ± 0.09 19 
Table 7 – Summary of SWCNT and MWCNT fibre currents at 0.4 V with relative 
standard deviations. Error represents one standard deviation for repeat 
measurements with n ≥ 5 fibre replicates. 
The RSDs measured are high but may be explained by the fact that these fibres were 
produced via manual injection. Variation can occur due to inconsistencies in the formation 
of the fibres, in particular the rate of injection into the coagulation bath. Moving to a more 
automated system using a syringe pump and controllable rotating coagulation bath would 
allow for a higher level of control, however this proved not to be possible due to the high 
viscosity of the dispersions used, coupled with the highly fragile nature of the fibres in 
their gel state. 
CV using potassium ferricyanide as a redox couple was also performed, to allow further 
investigation of the fibres’ performance as electrodes, (Figure 34). Potassium ferricyanide 
was chosen for use in this analysis due to being a well-studied redox probe (144), giving 
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many possible prior systems to compare with. The use of this will allow comparison of the 
fibres with other electrodes, and with that of an ideal electrode surface. 
 
 
Figure 34 – Voltammograms of SWCNT and MWCNT-based fibres with 
potassium ferricyanide redox couple. Performed at 50 mV s-1 vs. Ag/AgCl 
reference in 0.1 mol dm-3 KCl with 10 mmol dm-3 potassium ferricyanide. 
It can be seen that for SWCNT-based fibres only the SW-A fibre shows notable redox 
peaks, and these are broad and not well-defined. For the SW-A fibre ∆𝐸𝑝 was found to be 
0.288 V, with an 
𝐼𝑝𝑎
𝐼𝑝𝑐
 value of 0.99, shown in Table 8. The ideal ∆𝐸𝑝 for this one electron 
system would be 0.059 V, showing that this electrode strays from ideal performance, 
although this is to be expected given the less than perfect nature of the fibre as an electrode 
already observed. An 
𝐼𝑝𝑎
𝐼𝑝𝑐
 value of 0.99 shows good chemical reversibility in the system. It 
appears that the inclusion of GNP is detrimental to the performance of SWCNT fibres as 
an electrode. Figure 34 shows that all three MWCNT-based fibres display similar currents, 
although MW-A has the best redox peak definition and lowest peak separation, shown in 
Table 8. Peak separation is similar for SW-A and MW-A, while fibres MW-B and MW-C 
both show greater peak separation. From these results, it can be seen that the addition of 
graphene platelets into SWCNT and MWCNT dispersions produced fibres with poorer 
performance as electrodes. The values obtained are similar to those found in comparable 
fibres  (96) (145). 
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Fibre ∆𝑬𝒑 (V) 
𝑰𝒑𝒂
𝑰𝒑𝒄
 
SW-A 0.288 0.99 
MW-A 0.232 1.00 
MW-B 0.368 1.05 
MW-C 0.388 0.95 
Table 8 – Summary of potassium ferricyanide voltammetry peak details for 
SWCNT and MWCNT fibre varieties. Performed at 50 mV s-1 in 0.1 mol dm-3 KCl 
with 10 mmol dm-3 potassium ferricyanide. 
Due to the similarity between fibre types, combined with the levels of error seen 
throughout the results obtained, differences in the electrochemical properties cannot be 
attributed to any change in electrical conductivities. The differences observed in 
voltammograms between MWCNT and SWCNT fibres may be attributed to the higher 
carbon content purity of the MWCNTs used (70 % + carbon for SWCNT, and 95 % + for 
MWCNT). This may reduce mass transport issues arising from non-carbon material within 
the fibre. This difference in voltammetry may also be due to more homogeneous and 
effective dispersion of MWCNTs due to the lower concentration used compared to 
SWCNTs. 
3.6 Fibre Raman Spectroscopy 
The Raman spectra presented in Figure 35 and Figure 36 show that all SWCNT-based 
fibres present similar spectra, and all MWCNT-based fibres again produce spectra with no 
visible differences. This is expected, as CNT and GNP materials both generate many of the 
same peaks in Raman spectroscopy due to the nature of the carbon sp2 backbone that 
makes up both nanomaterials. Additional peaks (150 – 300 cm-1) are observed in SWCNT-
containing fibres, attributed to radial breathing modes, which were not observed in 
MWCNT fibres. 
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Figure 35 – Raman spectra of RTIL fibres SW-A, SW-B, and SW-C.  
 
 
Figure 36 – Raman spectra of RTIL fibres MW-A, MW-B, and MW-C. 
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Table 9 shows a summary of the Raman peak data for all six fibre types. 
Table 9 – Summary of Raman spectra peaks for SWCNT, MWCNT and 
CNT/GNP mixed fibres. 
All fibres show the G-band, arising from the presence of sp2 hybridised carbon in the fibre, 
as well as the G’-band and D-band, both arising from defects in the nanotubes/graphene 
layers. Radial breathing modes are seen only in the SWCNT fibres. Understandably, all 
fibres exhibit similar spectra; however, the ratio of G/D band peaks is higher in the 
SWCNT fibres, indicative of fewer defects in the SWCNT nanotubes. Addition of GNP to 
MWCNT fibres decreases the ratio of G/D band peaks, best observed for MW-C fibres, 
suggesting fewer defects present within the GNP added, relative to MWCNTs. 
3.7 Scanning Electron Microscopy 
SEM images of each fibre, presented in Figure 37, show large differences in their surface 
structure. It can be seen that as GNP is added to the fibres, the surface takes on a rougher 
profile, with aggregates of graphene platelets clearly visible on the surface. 
Fibre 
G-Band 
(cm-1) 
G’-Band 
(cm-1) 
D-Band 
(cm-1) 
Radial 
Breathing 
Modes (cm-1) 
SW-A 1573 2640 1328 150 - 300 
SW-B 1586 2669 1338 150 - 300 
SW-C 1569 2649 1331 150 - 300 
MW-A 1574 2674 1338 - 
MW-B 1574 2672 1318 - 
MW-C 1576 2712 1341 - 
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Figure 37 – SEM images of SWCNT/MWCNT/GNP fibres. (A) SW-A, (B) SW-B, 
(C) SW-C, (D) MW-A, (E) MW-B, and (F) MW-C.  
Cross-sectional images of the fibres show the presence of GNP as well as CNTs 
throughout the fibres.  
Figure 38A shows the cross sectional image of a fibre of SW-B; both nanoplatelets and 
nanotube bundles can be seen. These SEM images of the cross section show there are clear 
areas of bundled CNTs, adjacent to areas of the fibre core which appear more rich in GNP 
concentration. This suggests ineffective dispersion of SWCNTs within the RTIL, 
producting non-homogenous fibres. Figure 38B shows a magnified area of the same fibre, 
showing the nanotube bundles and graphene nanoplatelets. 
A 
B 
C 
D 
E 
F 
100 µm 100 µm 
100 µm 100 µm 
100 µm 100 µm 
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Figure 38 – SEM images of SW-B fibre showing (A) fibre core and (B) magnified 
section. Red insert signifies section magnified for image (B).  
Figure 39A shows a MW-A fibre, in which the presence of CNTs can be seen; bundles can 
clearly be seen within the entire cross section of the fibre core, magnified in Figure 39B. 
MWCNTs appear to be well-dispersed throughout the fibre, in agreement with the lower 
RSDs obtained for MWCNT fibres relative to SWCNT fibres. 
 
Figure 39 – SEM images of MW-A fibre core cross section showing (A) fibre 
core and (B) magnified section. 
Figure 40A shows the presence of GNP and CNTs in a MW-C fibre, again it can be seen 
that both GNP and CNTs are distributed throughout the core of the fibre. Figure 40B 
shows visible carbon nanotube bundles along the cross section of a core of a SW-A fibre. 
Ideal dispersion would produce fibres with highly exfoliated graphene platelets, and 
untangled nanotubes. However, it is observed in these images that bundles of nanotubes 
are present in the fibres, with some areas consisting of GNPs with little or no visible CNTs 
present. This is suggestive of incomplete dispersion during sonication, again in agreement 
with the high levels of error observed.  
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Figure 40 – SEM images of fibre core cross sections. (A) MW-C, (B) SW-A. 
3.8 Fibre Mechanical Properties 
Table 10 shows averaged ultimate tensile strength measurements for all six fibre types. 
Overall the fibres show extremely low tensile strengths, with results from DMA typically 
of the order of single MPa. This may be explained by low concentrations of polymer being 
incorporated into the fibre structures, or poor interaction between the nanomaterials and 
polymer present. Incomplete exfoliation of the CNT and GNP, as suggested by SEM 
images, means that the full potential strength and conductive properties of the 
nanomaterials are not being fully exploited in the fibres formed due to large bundles still 
being present. 
In general, these values compare poorly with other similar fibres previously reported. In 
one example fibres formed using chitosan with polyhedral oligomeric silsesquioxane and 
SWCNT (77) reported maximum values ranging between 30 MPa and 60 MPa for 
SWCNT concentrations between 0 % and 9 %. For fibre-based wearable applications a 
higher level of tensile strength than what has been produced in these fibres is required, 
while still maintaining the electrical and electrochemical properties observed. The Young’s 
modulus for each fibre type was determined from the gradient of the stress-strain plots, 
also shown in Table 10. Large error is seen, with relative standard deviations reaching 
100 %. This is indicative of the poor homogeneity within the fibres, producing fibres with 
a large range of ultimate tensile strengths and Young’s modulus values. This makes 
possible comparison between different fibres and materials very limited. Overall, the 
values obtained are low, as per the low ultimate tensile strengths. Almost all of the values 
are in the MPa range, rather than GPa often measured for fibres incorporating CNTs (146-
A B 
10 µm 
1 µm 
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147). Higher values are observed for fibres containing only CNTs, decreasing upon the 
addition of graphene into the fibres, suggesting a poor interaction between the two 
nanomaterial variants. 
Fibre Type 
Average Ultimate 
Tensile Strength (MPa) 
Young’s Modulus 
(MPa) 
SW-A 7 ± 5 1000 ± 1000 
SW-B 1 ± 1 30 ± 30 
SW-C 1 ± 1 60 ± 60 
MW-A 3 ± 3 200 ± 200 
MW-B 1 ± 1 40 ± 40 
MW-C 1 ± 1 30 ± 10 
Table 10 - DMA results for CNT and CNT/GNP mixture fibres. Error represents 
one standard deviation for repeat measurements with n ≥ 5 fibre replicates. 
3.9 Summary 
This chapter has focused on spinning dispersions of carbon nanotubes and graphene nano 
platelets in ionic liquids to produce novel fibres. RSD values approaching 100 % were 
found in some of the results obtained, which are predominantly attributed to poor 
dispersion quality, and manual fibre production. CV has shown that all of the fibres tested 
show similar current values, while MW-A fibres showed the best electrode performance 
using a potassium ferricyanide redox couple. The addition of GNP to both CNT types 
reduced their electrode performance. Conductivity measurements showed that the fibres 
analysed have conductivities in the range of 10 – 40 S cm-1, with RSDs between 20 and 
50 %, similar to those found through voltammetry. Although fibres produced from 
SWCNTs and MWCNTs both display large amounts of error in all measurements, it was 
shown that MWCNT-based fibres displayed superior properties to SWCNT fibres, and that 
no benefit was found from the addition of GNP to the fibres. 
While the results presented in this chapter have shown it is possible to spin fibres from 
CNT dispersions in ionic liquids, it is believed that better fibre properties can be achieved 
replacing insulating polymers, such as xanthan gum with conducting polymers in the 
fibres; this will be investigated in later chapters of this thesis.  
 65 
 
4 Production of Scrolled Film Fibres Incorporating Conducting Polymers 
4.1 Introduction 
A wide range of fibre production methods exist, such as wet, dry, and melt spinning, each 
with advantages and disadvantages relative to other production methods (148-150). New 
and innovative methods to produce fibres are constantly being developed (151), and it has 
been demonstrated in literature that it is possible to produce fibres by scrolling/twisting 
thin films, to form the fibre structure. It is noted that no literature of scrolled film-fibres 
which performed characterisation using wet electrochemical methods was found.  
4.2 Aims and Objectives 
This chapter aims to develop films incorporating conducting polymer(s), which can be 
scrolled to produce fibres. This will require the production of homogenous films suitable 
for scrolling. Chemical post-treatment will be investigated to improve the fibres, and aid in 
retention of the scrolled form. 
4.3 Incorporation of PEDOT:PSS into PVA Films 
PEDOT:PSS was chosen as the conducting polymer, due to its ability to produce high 
conductivities, as well as being water soluble, making it suitable for producing films. PVA 
was added to PEDOT:PSS prior to film production to aid physical strength, as well as to 
provide elasticity. 
The films produced via evaporation were found to be homogenous, without areas of 
thinness, or clumping occurring from the drying process. The production of films via 
filtering through nitrocellulose filer papers was also investigated, but was found to be 
inferior to petri dish casting. Not all polymeric material was captured by the filter paper, 
evidenced by the colour remaining in the solution in the filter vessel. The filtered films 
varied in thickness, whereas films produced through evaporative methods were found to be 
uniform in thickness, due to the slow evaporation allowing for equal distribution of 
material across the entire petri dish. 
Fibres produced from scrolling of films could be bent repeatedly without breaking. They 
also maintained their scrolled structure, without any visible unravelling. It was noted 
however, that these fibres unravelled when placed in solution. To combat this, sodium 
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sulfate was employed as a chemical cross linking agent for PVA (152). After extended 
treatments of 48 h immersion, the fibres still unravelled when placed in to solution after 
being dried and removed from the clamps. Alternative chemical treatments were also 
considered, including the treatment of the films with sulfuric acid, formic acid, and 
DMSO.  
To investigate the effects of these chemical treatments employed on PEDOT:PSS-PVA 
fibres, scrolled PEDOT:PSS-PVA fibres were immersed in each of the three treatments for 
5, 60, and 120 min each. Fibres were assigned the codes “FCXX” with ‘F’ representing 
fibres produced from films, with the following ‘C’ being the treatment variation, and ‘XX’ 
stating the time for which the treatment immersion was performed (min). These codes are 
shown in Table 11. The proportion of PEDOT:PSS and PVA in each fibre is assumed, 
based on the relative amounts of each component added to the original solutions. Deviation 
from these proportions may be present in the fibres produced, due to inhomogeneity during 
drying, and from dissolution of each/both component during treatment(s). 
Treatment Type 
5 min 
Treatment 
60 min 
Treatment 
120 min 
Treatment 
Untreated fibre FU 
Sulfuric acid 
(1.5 mol dm-3) 
FS5 FS60 FS120 
Formic acid 
(25 mol dm-3) 
FF5 FF60 FF120 
DMSO FD5 FD60 FD120 
Table 11 – Fibre name codes for treatment types and times for all fibres 
prepared from PEDOT:PSS-PVA films. 
4.3.1 Fibre Basic Properties 
It was found that fibres immersed in formic acid unravelled and broke within moments of 
being immersed due to the twisting tension within them. This effect was similarly observed 
with the DMSO immersed fibres to a lesser extent; a small amount of short (~ 1 cm) fibres 
were salvaged for analysis. It was found that only sulfuric acid treatments reliably 
produced fibres, without breakage during immersion or drying. 
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Treated fibres were more brittle than untreated fibres. It was not possible to bend treated 
fibres in the same way as untreated fibres. Averaged fibre diameters are presented in 
Figure 41. Relative standard deviations of 15 % were observed for all fibre types, and no 
change in diameter was observed after any of the treatment types or times. Formic acid 
treated fibres are omitted from the graph due to their consistent breaking during treatment. 
 
Figure 41 – Fibre diameters for fibres scrolled from PEDOT:PSS-PVA films 
before and after chemical treatments. Error bars represent one standard 
deviation for repeat measurements with n ≥ 10 fibre replicates. 
SEM images of the fibres were obtained, and are shown in Figure 42 - Figure 44. Images 
of the lengths of the fibre are shown on the left of the figures, while the right images show 
core views of the respective fibres. Images of the fibre cross-section show the fibre to be 
mostly solid, with a void area formed during the twisting procedure, which is seen as the 
darker area in the centre of the right hand image in Figure 42. 
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Figure 42 – SEM images of FU length wise (left), and core (right). 
 
Figure 43 - SEM images of FS120 length wise (left), and core (right). 
 
Figure 44 - SEM images of FD120 length wise (left), and core (right). 
As with the untreated fibre, FS120 fibres show a straight length profile. A rippled surface 
profile is observed, this difference to fibre FU is attributed to the manual nature of the fibre 
scrolling. A slight difference in fibre cross-section morphology is seen, relative to the 
untreated FU fibre. This is attributed to the increased brittleness of the fibres post-
1 cm 100 µm 
1 cm 100 µm 
1 cm 100 µm 
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treatment, causing a cleaner break in the fibre when compared with the FU fibre core. This 
change in core structure could also be produced during the treatment procedures, as it is 
seen in all treated fibres. The treatments have the potential to soften and partially dissolve 
both polymers, merging the scrolled layers, before being re-solidified during the drying 
procedure. Fibres treated with DMSO, shown in Figure 44, presented similar images to 
those treated with sulfuric acid. They again still display a straight profile, and a core which 
appears more consistently solid than that of untreated FU fibres. 
After treatment, it is noticed that fibres do not swell when placed into solution, whereas 
untreated fibres do. It is this difference in water uptake that is key in producing fibres 
which do not unravel when wet. This difference is attributed to chemical cross-linking of 
the PVA alcohol groups by sulfonate ions from the sulfuric acid (126-127). Figure 45 
shows an example of two fibres, one pre-treatment and the other post-treatment. Both 
fibres had the same original diameter before immersion; a dramatic difference in diameter 
is observed after immersion. This difference is caused by the treated fibre no longer 
absorbing water, which stops it unravelling, the beginnings of which are seen for the 
untreated fibre. Over the course of several h, the untreated fibres unravel back into a film.  
 
Figure 45 – Digital camera photograph of the sulfuric acid treated (top) and 
untreated (bottom) fibres after immersion in water. 
4.3.2 Fibre Electrochemical Properties – Cyclic Voltammetry 
CV of fibres treated for 2 h with sulfuric acid (FS120), and DMSO (FD120) are presented 
in Figure 46, to examine the maximum effect of each treatment. It is apparent that these 
fibres display poorer voltammogram shapes than would be expected for a conducting-
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polymer only fibres (30), as can be seen later in Figure 57 in Chapter 5. This is due to the 
inclusion of the insulating PVA in the fibre hindering the electrochemical response.  
 
Figure 46 – CV for fibres FS120 and FD120 fibres scrolled from PEDOT:PSS-
PVA films and treated with sulfuric acid (1.5 mol dm-3) and DMSO for 2 h 
respectively. Measured at 100 mV s-1 vs. Ag/AgCl electrode in 1 mol dm-3 sodium 
sulfate. 
An additional consideration when analysing the voltammograms is that of the difference in 
water take up between untreated and treated PEDOT:PSS-PVA fibres. As shown in Figure 
45 the treated fibres take up dramatically less water than untreated PEDOT:PSS-PVA 
fibres. This can limit electrochemical access to the core of the fibre, creating additional 
mass transport issues and lower currents, due to limited electrolyte permeation of the fibre 
core structure. Voltammetry for untreated fibres was not possible, due to the fibres 
unravelling when immersed in solution. 
4.3.3 Fibre Electrochemical Properties – Charge Discharge Cycling 
Charge discharge analysis was performed on fibres treated with sulfuric acid and with 
DMSO for all three treatment durations. Discharge times were determined from the 
gradient of the discharge curve in the upper 50 % voltage range, within which 
supercapacitors are most commonly charged/discharged (11). 
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Data could not be obtained for untreated fibres or formic acid fibres due to unravelling of 
the fibres when immersed in both electrolyte and treatment solutions, as such a full 
comparison was not possible.  
 
Figure 47 – Charge discharge profiles for scrolled fibres treated with sulfuric 
acid (1.5 mol dm-3): FS5, FS60, and FS120. Measured at 0.5 A g-1 vs. Ag/AgCl 
electrode in 1 mol dm-3 sodium sulfate. 
Figure 47 shows charge discharge profiles for fibres FS5, FS60, and FS120, and Figure 48 
shows profiles for fibres FD5, FD60, and FD120. It is apparent that the voltage shows 
large jumps when charging and discharging. This is likely partly due to the non-conductive 
PVA hindering the conductivity of the fibres, allowing for less efficient distribution of the 
charge throughout the fibre. As the fibres no longer swell and absorb water, this may give 
rise to mass transport issues along and within the fibre, limiting electrolyte access to the 
fibres, both contributing to an increased internal resistance for the system.  
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Figure 48 – Charge discharge profiles for scrolled fibres treated with DMSO: 
FD5, FD60, and FD120. Measured at 0.5 A g-1 vs. Ag/AgCl electrode in 1 mol 
dm-3 sodium sulfate. 
Averaged charge discharge cycling capacitance values are presented in Figure 49, and 
detailed in Table 12. It can be seen that there is a large amount of variation within each 
treatment type. This is attributed to the error generated when fibres are manually scrolled; 
slight variations in the amount of twisting applied to each fibre can have a large effect on 
the structure of the fibre, altering the electrochemically accessible surface area. While the 
fibre contained two thirds Orgacon PEDOT:PSS, and one third PVA, values of only ~2 F 
g-1 are obtained, far lower than values obtained for wet spun Orgacon fibres shown in 
chapter 5 of this thesis. The inclusion of PVA negatively affects the electrochemical 
properties due to the lower proportion of PEDOT:PSS present in the fibre, thus reducing 
the capacitance of the fibre. 
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Figure 49 – Averaged charge discharge capacitances for fibres FS5, FS60, 
FS120, FD5, FD60, and FD120. Measured at 0.5 A g-1 vs. Ag/AgCl electrode in 
1 mol dm-3 sodium sulfate. Error bars represent one standard deviation for 
repeat measurements with n ≥ 5 fibre replicates. 
 Capacitance (F g-1) 
Treatment 
Time 
Sulfuric Acid  Formic Acid  DMSO  
Untreated Measurement not possible due to unravelling of untreated fibres 
5  
min 
1.3 ± 0.2 
Measurement not 
possible due to fibre 
breakage during 
treatment 
2.2 ± 0.2 
60  
min 
2.5 ± 0.3 1.9 ± 0.5 
120  
min 
1.5 ± 0.9 2.5 ± 1.7 
Table 12 – Averaged charge discharge capacitances for fibres FS5, FS60, 
FS120, FD5, FD60, and FD120 (Measured at 0.5 A g-1 vs. Ag/AgCl electrode in 
1 mol dm-3 sodium sulfate). Error bars represent repeat measurements with n ≥ 5 
fibre replicates. 
4.3.4 Fibre Electrical Conductivity 
Four-point electrical conductivity measurements were obtained for fibres FU, FS5, FS60, 
FS120, FD5, FD60, and FD120. The values are compared in Figure 50 and shown in Table 
13. Sulfuric acid treated scrolled fibres showed a conductivity increase of between 100 and 
almost 300 % relative to untreated fibres, while DMSO treated scrolled fibres showed by 
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far the largest increase, producing values up to ten times higher than for untreated fibres. 
The higher values obtained for DMSO-treated scrolled fibres rather than for sulfuric acid 
treated scrolled fibres can be attributed to the higher solubility of PVA in DMSO than in 
water (153). With higher amounts of PVA being dissolved into the DMSO and removed 
from the fibres, a higher proportion of the remaining material is PEDOT:PSS, allowing 
higher conductivities within the treated fibres. This also serves to explain the difference in 
values observed for FD5 and FD60 fibres, with the latter having lost more PVA, and thus 
possessing higher conductivity values, although higher levels of variation are observed. 
 
Figure 50 – Averaged four-point electrical conductivity values for scrolled fibres 
FU, FS5 FS60, FS120, FD5, FD60, and FD120. Error bars represent one 
standard deviation for repeat measurements with n ≥ 5 fibre replicates. 
 Conductivity (S cm-1) 
Treatment 
Time 
Sulfuric Acid  Formic Acid  DMSO 
Untreated 12.8 ± 5.2 
5 min 26 ± 11 
Measurement not 
possible due to fibre 
breakage during 
treatment 
70 ± 2 
60 min 18 ± 6 130 ± 30 
120 min 34 ± 22 127 ± 43 
Table 13 – Averaged four-point electrical conductivity values for scrolled fibres 
FU, FS5 FS60, FS120, FD5, FD60, and FD120. Error bars represent repeat 
measurements with n ≥ 5 fibre replicates. 
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4.3.5 Fibre Raman Spectroscopy 
Raman spectra for fibres FU, FS120, and FD120 are presented in Figure 51, the three 
spectra are normalised around the largest peak, observed at 1,550 cm-1. Peaks assigned to 
the PEDOT:PSS material observed at 440 and 574 cm-1 corresponding to C-OC 
deformations, 986 cm-1 for oxyethylene ring deformation, 1,290 cm-1 for CH2 bending, 
1,430 cm-1 for C=C symmetric stretching, and 1550 cm-1 for C=C antisymmetric stretching 
(154-155). Broad peaks assigned to C-H in the PVA component are present in the region at 
approximately 2,900 cm-1 (156). No shift in peak position was observed, as has been 
reported previously for PEDOT:PSS materials treated with ethylene glycol (74), attributed 
to changes between the benzoid and quinoid structure of PEDOT:PSS. The widespread use 
of X-ray photoelectron spectroscopy (XPS) to identify chemical changes in PEDOT:PSS 
post treatment has shown Raman spectroscopy to be of only limited use in identifying such 
changes.  
 
 
Figure 51 – Raman spectra for scrolled film fibres FU, FS120, and FD120. 
Insert shows structure of PEDOT:PSS. 
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4.3.6 Fibre Mechanical Properties 
Ultimate tensile strength values are reported for fibres FU, FS5, FS60, and FS120 only. 
Values could not be obtained for formic acid treated fibres due to breaking during 
treatment. DMSO treated fibres could not be produced in the lengths required for DMA 
analysis. While shorter fibres could be used for conductivity and electrochemical testing, it 
was not possible to subject them to mechanical analysis. It is believed that the additional 
dissolution of PVA into DMSO during the treatment causes a weakening of the scrolled 
film fibres while in solution, leading to their high breakage rate. 
The mechanical properties of treated and un-treated scrolled fibres are listed in Table 14 
and shown in Figure 52. The ultimate tensile strength values obtained for untreated fibres 
are similar to those obtained for other wet spun Orgacon PEDOT:PSS fibres (30). The 
addition of PVA, which has a far higher tensile strength than PEDOT:PSS contributes to 
the enhanced tensile strengths observed here. A large decrease in strength is observed after 
sulfuric acid treatment. This may be due to removal of some amount of PVA during the 
treatment process, but also likely due to the cross-linking of the PVA occurring during the 
treatment.  
 
 Figure 52 – Averaged ultimate tensile strength values for fibres FU, FS5, 
FS60, and FS120. Error bars represent one standard deviation for repeat 
measurements with n ≥ 3 fibre replicates. 
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Analysis of the Young’s Modulus values presented in Table 14 show no discernible 
difference between untreated fibres and any of the sulfuric acid-treated fibres. The values 
obtained are each within the error of each other, showing no trend based on treatment time. 
Mechanical analysis shows that all treatments have a negative effect on the strength of the 
fibres, with formic acid and DMSO treatments destroying the fibres during treatment, and 
sulfuric acid treatments greatly weakening the fibres. The large difference observed is 
attributed to the different behaviour of the scrolled fibres before and after treatment. Before 
treatment, the fibres are able to undergo elastic stretching through unwinding of the 
scrolled twists, whereas after treatments, due to the cross-linking occurring, the fibres are 
not able to undergo this same stretching, producing much lower failure strain values. 
Fibre Type 
Ultimate Tensile 
Strength (MPa) 
Young’s Modulus 
(GPa) 
Failure Strain (%) 
FU 103 ± 34 1.4 ± 0.3 47 ± 16 
FS5 42 ± 15 2.1 ± 0.7 5.2 ± 4.3 
FS60 312 ± 19 1.5 ± 0.6 2.1 ± 1.2 
FS120 29 ± 17 1.7 ± 0.4 3.1 ± 1.8 
Table 14 – Averaged ultimate tensile strength, Young’s modulus, and failure 
strain values for fibres FU, FS5, FS60, and FS120. Error bars represent repeat 
measurements with n ≥ 3 fibre replicates. 
4.4 Summary 
In this chapter, conducting fibres formed by scrolling films of PEDOT:PSS and PVA were 
produced and characterised. Electrical conductivity values of up to 130 S cm-1 were 
measured for DMSO treated scrolled fibres, although production of these was problematic 
due to breakage occurring during chemical treatment. This limited fibre length to a 
maximum of 1 cm. More reliable fibres were produced via treatment of scrolled fibres with 
sulfuric acid, but these yielded lower conductivities (30 S cm-1), and low ultimate tensile 
strengths (30 MPa). These sulfuric acid-treated fibres could be produced in potentially any 
desired length, with no breakage or unravelling occurring during treatment. The 
conductivities obtained are far lower than those obtained through treating PEDOT:PSS 
fibres with the same chemicals, with values in excess of 1,000 S cm-1 being possible (62). 
This limited conductivity would be acceptable, if the capacitance of mechanical strengths 
of the fibres were improved, however the capacitance values obtained are again 
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dramatically lower than those obtained for PEDOT:PSS-only materials (62) (74), and the 
mechanical strengths lower than other PVA-containing fibres (82) (157). 
Treatment of scrolled PEDOT:PSS-PVA fibres had the added benefit of enabling them to 
stay scrolled then immersed in solution. This technique presents a novel method of 
producing fibres from scrolled films which may be of use in a range of applications 
including such as water purification, amongst others. 
Further optimisation of this work by using higher grade PEDOT:PSS sources, such as 
Clevios PH1000 may yield improved results due to the inherently higher conductivity of 
the PEDOT:PSS solutions compared with the Orgacon material used in this chapter. A 
further avenue for investigation is the potential to use lower amounts of PVA, or the use of 
additional polymers, likely further increasing the electrochemical and electrical properties 
of the fibres.  
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5 Wet Spinning and Treatment of PEDOT:PSS Fibres 
5.1 Introduction 
One of the interesting properties of conducting polymers is their high level of electrical 
conductivity (56) (59), as well as the ability to store charge through pseudocapacitive 
mechanisms (64). Several properties of these fibres have been shown to be improved 
following chemical treatment (60) (129). It was shown that, for example, ethylene glycol 
improved the properties of PEDOT:PSS fibres (62), and a wider range of chemicals have 
been used to enhance the properties of PEDOT:PSS films on glass. It was decided to 
expand the investigation of chemical treatment of PEDOT:PSS fibres beyond ethylene 
glycol. 
Sulfuric acid (60), formic acid (128), and DMSO (129) have all been shown to improve 
multiple desired properties of these PEDOT:PSS materials, and were therefore chosen for 
further investigation with respect to fibres. To investigate multiple aspects of the 
treatments, a range of treatment times was investigated, wet spun with fibres being 
immersed in each treatment for 5, 60, and 120 min. Different sources of PEDOT:PSS were 
also studied, to investigate the effect of each treatment on the PEDOT:PSS variants. Two 
fibre diameters were produced, treated, and compared, to investigate the respective effect 
of the treatments when varying the surface area to core volume ratio of the fibres. As it has 
been shown previously that the treatment effect is mainly confined to the surface of the 
PEDOT:PSS material (128) (158), it is predicted that fibres with a smaller diameter will 
show a larger increase or decrease in post-treatment properties. 
5.2 Results 
Fibres were spun from two PEDOT:PSS precursors, Clevios PH1000 and Orgacon pellets. 
Treatments were then performed on these fibres. Abbreviated codes for each of these fibres 
are given in Table 15 and Table 22 below. “U” represents an untreated fibre, “SX” a fibre 
treated with sulfuric acid for X min, with “FX” and “DX” representing the equivalent for 
formic acid and DMSO, respectively. Codes prefixed with “PH” represent fibres spun from 
solutions of Clevios PH1000 PEDOT:PSS. 
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Fibre Treatment Method 
5 min 
 Treatment 
60 min 
Treatment 
120 min 
Treatment 
Untreated Orgacon Pellet Fibre U 
Sulfuric acid S5 S60 S120 
Formic Acid F5 F60 F120 
DMSO D5 D60 D120 
Table 15 – Fibre codes for fibres spun from 2 wt.% PEDOT:PSS (Orgacon) solutions. 
5.2.1 Fibres Spun from Orgacon Pellet PEDOT:PSS 
5.2.1.1 Fibre Basic Properties 
Fibres were successfully produced via wet spinning from 2 wt.% aqueous solutions of 
Orgacon PEDOT:PSS; spinning from lower concentrations was found to be possible, but 
produced shorter fibres with higher variation and breakage, attributed to a lack of 
PEDOT:PSS material to successfully coagulate. Increasing the coagulation bath rotation 
speed produced fibres with thinner diameters, and vice versa. It was found that for all 
variants and times tested, no treatment was found to damage or inhibit the fibre in such a 
way that further testing and characterisation was not possible.  
Optical microscopy, shown in Figure 53 revealed that the average diameter of the untreated 
fibres was 35 µm, (Figure 54). Diameter averages were calculated from a minimum of 11 
fibres, with 10 measurements along each fibre axis.  
 
Figure 53 – Optical microscope diameter measurements for a select PEDOT:PSS 
(Orgacon) wet spun fibre. Wet spun from 2 wt.% Orgacon PEDOT:PSS. 
1 mm 1 mm 
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It was found that no statistically significant change in diameter of the fibres was observed 
after chemical treatments, with the fibres retaining the same range of diameters as the 
untreated fibres (Figure 54). Some variance within the fibre diameter is observed, 
regardless of treatment or not; this is attributed to slight variations in the rate of rotation of 
the coagulation bath, as well as slight fibre shape changes induced during drying of the 
fibres from their gel state. 
 
Figure 54 – Average diameters of wet spun PEDOT:PSS (Orgacon) fibres. Error bars 
represent one standard deviation for repeat measurements with n ≥ 10 fibre replicates. 
Electron microscopy was carried out to analyse the surface structure and cross-section of 
the fibres (Figure 55). The fibres presented a smooth surface, and were found to be 
flexible, allowing them to be tied by hand into knots when dry (Figure 55 B).  
Analysis of the core of untreated and treated fibres showed no apparent difference in 
morphology from any of the treatments. This result is to be expected, as the effects 
occurring through treatment affect the fibre on a scale below that which can be observed 
through electron microscopy. This is in line with previous results by others where analysis 
using XPS and/or AFM was required to determine the chemical change occurring through 
treatments (59) (129) (158-159). It has been shown several times that the changes occur 
due to removal and rearrangement of some of the insulating PSS material (62) (69) (159-
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160), as well as beneficial reordering of the polymer chains (62). This effect is seen mainly 
at the surface of the material (62) (159).  
 
Figure 55 – SEM images of fibre axis U (A), dry knotted fibre U (B), core view of 
fibre U (C), core view of fibre S120 (D), core view of fibre F120 (E), core view 
of fibre D120 (F). 
 
 
10 µm 100 µm 
1 µm 1 µm 
1 µm 1 µm 
1 µm 1 µm 
A B 
C D 
E F 
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5.2.1.2 Fibre Raman Spectroscopy 
Raman analysis was performed on all fibre types, with Figure 56 showing the 120 min time 
for each of the three treatments (S120, F120 and D120), compared to an untreated fibre 
(U). No notable differences are observed in the spectra. As discussed previously, the 
treatments have been shown to remove some PSS material, and alter the physical structure 
of the PEDOT:PSS polymers. This, however, does not change the overall chemical 
structure of the polymers present, and has not altered the Raman spectra observed after 
treatment.  
Peaks present at 576, 852 and 987 cm-1 are attributed to deformation of the PEDOT 
oxyethylene ring, 697 cm-1 to the symmetric deformation of the C-S-C bonds, and the 
broader peaks between 1,090 and 1,120 cm-1 to the C-O-C bond deformation. Peaks at 
1,250 cm-1 are attributed to PEDOT Cα-Cα’(inter-ring) stretches, while the peak at 1,380 
cm-1 is assigned to Cβ-Cβ stretches, 1,430 cm
-1 to symmetrical Cα=Cβ(-O) stretches, and 
1,490 cm-1 to asymmetrical C=C stretches. These correspond accordingly with literature 
spectra of PEDOT materials (161). As with Orgacon fibres presented earlier, no shift in 
peak position was observed for any peak (74). 
 
Figure 56 – Raman spectra for fibres U, S120, F120, and D120 for wet spun 
PEDOT:PSS (Orgacon) fibres. Spectra normalised to 1,430 cm-1 peak for visual 
comparison. Insert shows PEDOT:PSS structure. 
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5.2.1.3 Fibre Electrochemical Properties – Cyclic Voltammetry 
CV, shown in Figure 57, reveals a change in the voltammogram observed for all treated 
fibres, moving towards that of an ideal rectangular capacitive system. There is little change 
observed in the currents and shapes of voltammograms for all fibre treatments and times. 
No further improvement is seen with treatment times longer than 5 min, suggesting that all 
modification of the fibres occurs within the first 5 min. These changes in voltammetry 
profile could stem from an increase in the electrical conductivity of the fibres. A higher 
conductivity in the fibre allows for more efficient and quicker transfer of current through 
the system, thus producing the more rectangular system observed.  
 
Figure 57 – CV of fibres U, S5, S60, and S120 (Left). CV of fibres U, S120, 
F120, D120 (Right). Measured at 100 mV s-1 vs. Ag/AgCl electrode in 1 mol dm-3 
aq. sodium sulfate. 
CV using potassium ferricyanide redox probe was also employed to analyse the effect of 
each treatment on the fibre electrodes. A clear and dramatic difference can be seen in the 
response observed for untreated and treated fibres, while all three treatments show similar 
responses. Figure 58 shows these voltammograms for the 5 min treated fibres, from which 
peak data was extracted and used to generate plots of ΔEp (V) vs. scan rate (mV s-1). This 
also allowed analysis of peak current ratios and determination of the effect of changing 
scan rate on the peak current. 
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Figure 58 – CV of fibres U (A), S5 (B), F5 (C), D5 (D). (Measured at varying 
scan rates. Measured at 100 mV s-1 vs. Ag/AgCl electrode in 10 mmol dm-3 
K₃[Fe(CN)₆] with 0.1 mol dm-3 KCl. 
Figure 59 shows ΔEp (V) for all 5 min treatments. Sulfuric acid treatment shows the lowest 
peak separation, followed by DMSO, with formic acid treatments showing the worst 
(widest) separation of peaks. It was not possible to obtain data for peaks on untreated fibres 
at scan rates over 50 mV s-1, due to poor peak definition. When comparing ΔEp vs. scan 
rate, a linear increase in peak separation is observed with increasing scan rate, suggesting 
that the system is kinetically limited (162-164). 
 
 
A B 
D C 
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Figure 59 – ΔEp at 100 mV s-1 (extracted from Figure 58) for fibres U (A), S5 
(B), F5 (C), D5 (D). Measured at 100 mV s-1 vs. Ag/AgCl electrode in 10 mmol 
dm-3 K₃[Fe(CN)₆] with 0.1 mol dm-3 KCl. 
Table 16 presents the ratios of the peak currents for each fibre at 100 mV s-1. Ratios close 
to one are observed for all treatments at all measured scan rates, showing that the system is 
chemically reversible within the timeframe of the experiment (165-167).  
Fibre U S5 F5 D5 
|Ipc/Ipa| 0.92 0.99 0.93 1.01 
Table 16 - Ipc/Ipa peak current ratios for all Orgacon fibres. Measured at 100 mV 
s-1 vs. Ag/AgCl electrode in 10 mmol dm-3 K₃[Fe(CN)₆] with 0.1 mol dm-3 KCl. 
Figure 60 shows the effect on the peak current by changing the scan rate. Data is shown for 
each treatment, plotting the peak current against the square root of the scan rate. A straight 
line is observed in each case, which suggests diffusion controlled system (168-170). This 
contrasts the previous suggestion from ΔEp values that the system is kinetically limited. 
This is attributed to the system being a quasi-reversible system, where the voltammetry is 
governed both by charge transfer, and mass transport limitations (171-173). 
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Figure 60 – Graphs of peak current vs. square root of scan rate for fibres U (A), 
S5 (B), F5 (C), D5 (D). Measured at 100 mV s-1 vs. Ag/AgCl electrode in 10 
mmol dm-3 K₃[Fe(CN)₆] with 0.1 mol dm-3 KCl. 
Using the Randles–Sevcik equation given in Equation 3, the accessible electrochemical 
surface area of each fibre was determined. These values were compared between fibres, 
and with that of a theoretical cylinder of the same diameter and length as the fibre being 
measured, shown in Table 17. 
A large increase in accessible electrochemical surface area is observed for all treatments, 
showing approximately a sevenfold increase. All treatments show similar increases in their 
electrochemical surface areas, with formic acid exhibiting slightly higher values than the 
remaining two. Comparisons between the experimentally suggested electrochemical 
surface area and that of the theoretical cylinder show the treated fibres to have values well 
in excess of 100 %. This is attributed to the surface of the fibres not being perfectly 
smooth, as well as electrochemical surface area accessible within the fibre due to swelling 
of the polymer when placed in solution (174-176).  
An increase in the accessible electrochemical surface area is important for the fibres’ usage 
in electrochemical capacitor applications as it allows greater active surface area in the 
device, reducing the unused area of the fibre and thus helping to increase the 
electrochemical efficiency and total charge storage of the device. 
 
A 
B 
C 
D 
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Fibre 
Cylindrical 
Surface Area 
(cm2) 
Electrochemical 
Surface Area 
(cm2) 
% Of 
Cylindrical 
% Of  
Respective 
Untreated 
Fibre 
U 0.0112 0.0045 64.4  
S5 0.0129 0.0311 241 430 
F5 0.0112 0.0334 298 462 
D5 0.0121 0.0319 264 441 
Table 17 – Comparison of electrochemically calculated accessible surface area 
values for all PEDOT:PSS (Orgacon) fibres. 
5.2.1.4 Fibre Electrochemical Properties – Charge Discharge Cycling 
 
Figure 61 – Charge discharge curves comparing fibres with sulfuric acid 
treatments (top left), formic acid treatments (top right), and DMSO treatments 
(bottom) for 5, 60, and 120 min each. Measured at 0.5 A g-1 vs. Ag/AgCl 
electrode in 1 mol dm-3 aq. sodium sulfate vs. Ag/AgCl. 
Cyclic charge discharge measurements were performed on each fibre type, at a current 
density of 0.5 A g-1. Discharge times were again determined by measuring the gradient of 
the discharge curve in the upper 50 % voltage range, within which supercapacitors are 
most commonly charged/discharged (11). A clear increase in charge and discharge times 
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can be seen between untreated and treated fibres. No discernible difference between 
different treatments times was observed, with all results exhibiting a typical error of up to 
10 % RSD, calculated from multiple fibres of each fibre type. There is also no difference 
observed between each treatment type, with each showing the same increase relative to 
untreated fibres (Figure 61). These results correspond well with the increases observed in 
the CV results presented earlier.  It is noted that untreated fibres display an initial voltage 
step upon charging, charging from approximately 0.2 V. An initial voltage drop is also 
observed in the discharge cycle. This is not observed in the treated fibres, or is observed to 
a lesser effect where seen. This suggests that the untreated fibres have a higher resistance 
than the treated fibres, thus causing a larger equivalent series resistance for the system 
(177). Averaged charge discharge capacitances were calculated; values are shown in 
Figure 62 and listed in Table 18. 
As expected from the CV results, an increase in capacity is observed for all treatments and 
times. A doubling in capacitance is seen on all treatments. No further increase was 
observed after 5 min for any treatment. This increase is attributed to removal of some PSS 
from the surface of the fibre (60) (128) (159), enabling the electrolyte to interact more 
effectively with PEDOT in the fibre. These results show that the charge storage capacity of 
the fibres, an essential property of the material for energy storage applications, is doubled 
with a simple chemical treatment. This presents a reliable and facile method of improving 
the properties of devices formed using these materials. 
 Capacitance (F g-1) 
Treatment Time Sulfuric Acid  Formic Acid  DMSO  
Untreated 10.9 ± 1.1 
5 min 24.2 ± 2.2 23.2 ± 1.3 26.4 ± 1.4 
60 min 22.8 ± 1.4 24.1 ± 1.4 27.9 ± 1.4 
120 min 23.9 ± 0.6 22.8 ± 2.0 23.9 ± 1.5 
Table 18 – Averaged charge discharge capacitance values for all fibre treatment 
types of wet spun PEDOT:PSS (Orgacon) fibres. Measured at 0.5 A g-1 vs. 
Ag/AgCl electrode in 1 mol dm-3 aq. sodium sulfate vs. Ag/AgCl) Error bars 
represent repeat measurements with n ≥ 5 fibre replicates. 
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Figure 62 – Averaged charge discharge capacitance values for all fibre 
treatment types of wet spun PEDOT:PSS (Orgacon) fibres. Measured at 0.5 A g-1 
vs. Ag/AgCl electrode in 1 mol dm-3 aq. sodium sulfate vs. Ag/AgCl). Error bars 
represent one standard deviation for repeat measurements with n ≥ 5 fibre 
replicates. 
5.2.1.5 Fibre Electrical Conductivity 
The electrical conductivity of all fibres was also found to have increased after treatment, 
and are compared for each fibre type in Figure 63 and listed in Table 19. A tripling of 
conductivity is observed for all treatments and times. No difference is found between each 
treatment type, or duration. This is attributed to PSS removal from the fibre, specifically 
from the surface (60) (128) (159). Reorientation/size change of the PEDOT grain has also 
been reported previously (59) (158), and is also believed to contribute to the observed 
improvements in conductivity. A larger increase is seen here for electrical conductivity 
than was seen for capacitance; however, both are essential properties to increase the 
efficiency of energy devices. 
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Figure 63 – Averaged four-point electrical conductivity values for all fibre 
treatment types of wet spun PEDOT:PSS (Orgacon) fibres. Error bars represent 
one standard deviation for repeat measurements with n ≥ 5 fibre replicates. 
 
 Conductivity (S cm-1) 
Treatment Time Sulfuric Acid  Formic Acid  DMSO  
Untreated 31.4 ± 2.7 
5 min 118 ± 13 108 ± 15.0 93 ± 8 
60 min 104 ± 11 108 ± 14 94 ± 10 
120 min 105 ± 12 110 ± 16 99 ± 8 
Table 19 – Averaged electrical conductivity values for all fibre treatment types 
of wet spun PEDOT:PSS (Orgacon) fibres. Errors represent one standard 
deviation for repeat measurements with n ≥ 5 fibre replicates. 
5.2.1.6 Fibre Mechanical Properties 
Ultimate tensile strength values were obtained for all fibres, through DMA testing.  Figure 
64 shows example stress strain curves for treated fibres, compared with an untreated fibre. 
A decrease in ultimate tensile strength is observed for all treatment times using sulfuric 
acid, while formic acid and DMSO appear to show an increase in tensile strength. 
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Figure 64 – Example stress strain graphs comparing unrelated fibres with 
sulfuric acid treatments (top left), formic acid treatments (top right), and DMSO 
treatments (bottom) for 5, 60, and 120 min each.  
The variation in tensile strength values for repeated fibres is 30 % RSD. This level of error 
is higher than seen for other analysis techniques, and is attributed to the physical difference 
in shapes occurring in fibres. While electrical and electrochemical testing is not affected by 
a fibre’s shape or physical layout, mechanical testing is, due to potential weakening at 
areas of non-uniformity. 
Averaged tensile strength values for all fibres are compared in Figure 65, and listed in 
Table 20. Sulfuric acid treatments were found to have lower ultimate tensile strengths. The 
cause of this weakening is not well studied or understood, but is believed to be due to 
residual sulfate ions in the fibre. This result will be further investigated in later chapters. 
Another factor to consider is the relative strength of each acid. Sulfuric acid is a far 
stronger acid than formic acid, and as such may be capable of degrading the polymer 
material more than formic acid. Even though the formic acid concentration used was 25.2 
mol dm-3, and sulfuric acid concentration 1.5 mol dm-3, the difference in their respective 
acid strengths spans multiple orders of magnitude (178-179). Formic acid and DMSO both 
show increases in average strength compared with untreated fibres. Due to the level of 
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variance present in these results, no clear differentiation between formic acid and DMSO 
treatments can be determined.  
 
Figure 65 – Ultimate tensile strengths of all fibre treatments for wet spun 
PEDOT:PSS (Orgacon) fibres. Error bars represent one standard deviation for 
repeat measurements with n ≥ 3 fibre replicates. 
 Ultimate Tensile Strength (MPa) 
Treatment Time Sulfuric Acid Formic Acid  DMSO  
Untreated 54 ± 16 
5 min 22 ± 8 62 ± 8 82 ± 20 
60 min 18 ± 5 75 ± 2 77 ± 5 
120 min 21 ± 11 72 ± 17 87 ± 3 
Table 20 – Averaged ultimate tensile strength values of all fibre treatments for 
PEDOT:PSS (Orgacon) wet spun fibres. Error represents one standard 
deviation for repeat measurements with n ≥ 3 fibre replicates. 
Although sulfuric acid treatments have been found to weaken the fibres, both formic acid 
and DMSO treatments did not decrease the ultimate tensile strength relative to untreated 
fibres. This demonstrates two different chemical treatments which improve the electrical 
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and electrochemical properties of the fibres, as well as the mechanical strengths of the 
fibres.  
Table 21 shows average Young’s modulus values for all treatment types. As with the 
ultimate tensile strength values, lower values are observed for sulfuric acid-treated fibres. 
Formic acid-treated fibres show similar Young’s modulus values, within the level of error 
to untreated fibres. DMSO-treated fibres show increased values for Young’s modulus, 
showing a higher level of stiffness than for the other set of treated fibres. No trend is seen 
for increased treatment times, as per all other characterisation performed on these fibres, 
reinforcing that a 5 min treatment is sufficient. 
 Young’s Modulus (MPa) 
Treatment Time Sulfuric Acid  Formic Acid  DMSO  
Untreated 1,300 ± 700 
5 min 400 ± 300 1,000 ± 500 2,00 ± 20 
60 min 700 ± 300 1,700 ± 600 1,600 ± 800 
120 min 300 ± 80 1,500 ± 600 1,900 ± 600 
Table 21 - Averaged Young’s modulus values of all fibre treatments for 
PEDOT:PSS (Orgacon) wet spun fibres. Performed with 0.1 N min-1 ramp force. 
Error represents one standard deviation for repeat measurements with n ≥ 5 
fibre replicates.   
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5.2.2 Fibres Spun from Clevios PH1000 
5.2.2.1 Fibre Basic Properties 
As received Clevios PH1000 PEDOT:PSS solutions (1 wt.%) could not be spun in to 
fibres, due to insufficient polymer material in the solution to enable coagulation. Fibres 
were successfully spun from 2 wt.% solution, produced as described in section 2.5, and 
was this was used for all further spinning work in this section. 
Fibres were produced in two different sizes, controlled by using a different size needle and 
solution injection rate. Larger diameter fibres were produced using a 16 gauge inner 
diameter needle with an injection rate of 0.75 ml min-1, while thinner diameter fibres were 
produced with a 28 gauge inner diameter needle, and an injection rate of 0.05 ml min-1. 
Both fibre sizes could be produced in any desired length, and were extracted from the 
coagulation bath and air dried before being treated. 
Treatment of these as spun fibres was then performed using the same treatments as 
described previously, namely 1.5 mol dm-3 sulfuric acid, 25.2 mol dm-3 formic acid, and 
neat DMSO, to allow comparison with Orgacon fibres. Each treatment was performed for 
only 5 min, based on the previous findings that times longer than 5 min presented no 
additional benefit.  
Fibres were assigned codes, detailed in Table 22. The prefix “PH” was given to fibres to 
signify the use of Clevios PH1000 PEDOT:PSS, with thin fibres then having the letter “T”, 
followed by the code for the treatment, e.g. “S5” for a 5 min sulfuric acid treatment. 
Fibre Treatment 
Thick Diameter  
Fibre Code 
Thin Diameter  
Fibre Code 
Untreated as-spun fibre PHU PHTU 
5 min sulfuric acid PHS5 PHTS5 
5 min formic acid PHF5 PHTF5 
5 min DMSO PHD5 PHTD5 
Table 22 – Name codes for fibres spun from 2 wt.% PEDOT:PSS (PH1000) 
solutions and treated for 5 min. 
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Optical microscopy images were obtained to determine the diameters of the fibres 
produced, and the effect of each treatment on the fibre diameter. Averages of these are 
compared in Figure 66, and listed in Table 23.  
 
Figure 66 – Averaged fibre diameters for PHU and PHTU-based Clevios 
PH1000 PEDOT:PSS fibres. Error bars represent one standard deviation for 
repeat measurements with n ≥ 10 fibre replicates. 
 Fibre Diameter (µm) 
Fibre Treatment PHU-Based  PHTU-Based 
Untreated as-spun fibre 75 ± 13 21 ± 2 
5 min sulfuric acid 98 ± 29 26 ± 2 
5 min formic acid 82 ± 24 20 ± 3 
5 min DMSO 77 ± 7 21 ± 2 
Table 23 – Averaged fibre diameters for PHU and PHTU-based PEDOT:PSS 
(PH1000) fibres. Error represents one standard deviation for repeat 
measurements with n ≥ 10 fibre replicates. 
It was found that the larger PHU-based fibres had diameters in the range of 75 - 98 µm; 
while the thinner PHTU-based fibres ranged from 20 - 26 µm. Sulfuric acid treatment 
caused a small increase in fibre diameter in both sizes of fibre, while formic acid and 
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DMSO treatments showed no effect on the diameter of the fibres. This result suggests that 
there may be some additional effect on the structure of the fibre during sulfuric acid 
treatment, potentially some residue left within the fibre, thus causing the diameter increase. 
Electron microscope images were obtained for each fibre, with images for PHU thicker 
fibres shown in Figure 67, and images for thinner PHTU fibres shown in Figure 68. The 
left image of each shows the surface profile of the respective fibres along the fibre axis, 
with magnified core views of the fibre cross-section presented in the right images. Thinner 
fibres were found to have a smoother shape. This is attributed to the larger needle diameter 
and higher injection rate for thicker fibres causing slower coagulation than for the thinner 
fibres, thus allowing for more variation within the fibres during solidification.  
No difference in surface profile, or core structure was observed after any of the treatments, 
for either set of fibres, as per Orgacon fibres. While the chemical treatments have been 
shown to remove PSS from the surface, and cause a re-ordering of the polymer, neither 
effect is visible using SEM. 
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Figure 67 – SEM images for PHU-based fibres. PHU (A), PHS5 (B), PHF5 (C), 
PHD5 (D). Fibre surface profiles are shown left, with magnified cross-section 
images right. 
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 99 
 
 
Figure 68 – SEM images for PHTU-based fibres. PHTU (A), PHTS5 (B), PHTF5 
(C), PHTD5 (D). Fibre surface profiles are shown left, with magnified cross-
section images right. 
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To confirm the effect of treatments on the fibres, XPS spectra were obtained for PHU and 
PHD5 fibres, to allow for comparison before and after treatment. Figure 69 shows full 
survey scans for both fibres. Highly similar spectra are observed for each, and as such, 
scans of specific elements were required for detailed analysis. 
 
Figure 69 – XP spectra obtained for fibres PHU and PHD5, showing full 
survey scan emission. 
Figure 70 shows XPS results for the 155 – 175 eV range, for PHU and PHD5 fibres. This 
range shows the emissions from the s2p electrons from sulfur present in the material. Two 
main peaks are observed, with the peak at 162 – 166 eV corresponding to sulfur present in 
the PEDOT, while the peak at 166 – 171 eV corresponds to sulfur present in the PSS. The 
spectra have been normalised to the intensity of the PEDOT sulfur peak, to allow visual 
comparison of the PSS sulfur before and after treatment with DMSO. 
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Figure 70 – XP spectra obtained for fibres PHU and PHD5, showing S2p emission. 
It can be seen that the emission produced by PSS sulfur decreases by 50 % after treatment, 
showing a reduction in the amount of PSS present on the surface of the fibre. This 
corresponds with the results observed in literature for PEDOT:PSS treated with DMSO 
(158) (180) and other solvents (60) (159). 
5.2.2.2 Fibre Raman Spectroscopy 
 
 
 
Figure 71 – Raman spectra for fibres PHU, PHS5, PHF5, PHD5 wet spun 
PH1000 PEDOT:PSS fibres (left) and fibres PHTU, PHTS5, PHTF5, PHTD5 
wet spun PH1000 PEDOT:PSS fibres (right).  
Raman spectra for wet spun PH1000 PEDOT:PSS fibres are presented in Figure 71. It is 
observed that the treatments show no dramatic deviation in their Raman spectra for either 
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set of fibres. A difference can however be observed in the peaks in the region of 1460 to 
1570 cm-1, where untreated fibres show higher intensities than treated fibres for all peaks 
in this region. Peaks in this range correspond to C=C asymmetric and symmetric 
stretching, as well as CH2 stretching  (118) (125) (155) (181). This decrease may be 
attributed to removal of PSS from the surface. 
5.2.2.3 Fibre Electrochemical Properties – Cyclic Voltammetry 
CV was performed on thin and thicker fibre types, using the same parameters and setup as 
for the Orgacon fibres in section 5.2.1.3. Figure 72 shows the results for all three 5 min 
treatments for both fibre diameters, as compared with their respective untreated fibre. As 
with the Orgacon fibres, a clear change in shape moving towards an ideal rectangular 
capacitor behaviour can be seen. This shows that the treatments are having a beneficial 
effect on the electrochemical properties and performance of PH1000 PEDOT:PSS fibres as 
well as Orgacon based fibres. No notable difference is seen between each fibre treatment, 
with all treatments resulting in similar shapes and currents throughout the voltammetry.  
 
Figure 72 – CV of fibres PHU, PHS5, PHF5, and PHD5 (left) and PHTU, 
PHTS5, PHTF5, and PHTD5 (right). Measured at 100 mV s-1 vs. Ag/AgCl 
electrode in 1 mol dm-3 aq. sodium sulfate vs. Ag/AgCl. 
Analysis of fibre performance as an electrode was carried out using CV with a potassium 
ferricyanide a redox couple, shown in Figure 73 and Figure 74 for PHU-based and PHTU-
based fibres respectively. 
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Figure 73 – Second cycle CV of fibres PHU (A), PHS5 (B), PHF5 (C), PHD5 
(D). Measured at varying scan rates vs. Ag/AgCl electrode in 10 mmol dm-3 
K₃[Fe(CN)₆] with 0.1 mol dm-3 KCl vs. Ag/AgCl. 
 
 
Figure 74 – Second cycle CV of fibres PHTU (A), PHTS5 (B), PHTF5 (C), 
PHTD5 (D). Measured at varying scan rates vs. Ag/AgCl electrode in 10 mmol 
dm-3 K₃[Fe(CN)₆] with 0.1 mol dm-3 KCl vs. Ag/AgCl. 
A B 
C D 
A B 
C D 
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All fibres show the expected redox peaks for the ferricyanide redox couple. Analysis of the 
peak data produced straight line graphs for plots of ΔEp (V) vs. scan rate (mV s-1). It is 
observed that peak separation increases linearly with increasing scan rate for all fibres; 
suggesting the system to be kinetically limited (as was found with Orgacon fibres), hence 
the greater peak separation effect observed at the highest scan rates. A comparison of ΔEp 
(at 100 mVs-1) for each fibre type is shown in Figure 75. Comparing treatments, the lowest 
peak separations are observed for sulfuric acid treated fibres, 0.07 V lower than formic 
acid and DMSO treatments. It is observed that the thicker, PHU-based fibres show lower 
peak separations than their respective PHTU-based fibres with values 0.4 V lower for 
untreated thick and an average of 0.1 V lower for treated thick fibres. 
 
Figure 75 – ΔEp at 100 mV s-1 vs. Ag/AgCl electrode for all 5 min treatments of 
PHU and PHTU-based fibres. 
Table 24 shows ratios of peak currents for anodic and cathodic peaks for all PHU and 
PHTU-based fibres. It can be seen that all ratios are close to 1, showing a high level of 
chemical reversibility for this system within the timeframe of this experiment.  
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Fibre PHU PHTU PHS5 PHTS5 PHF5 PHTF5 PHD5 PHTD5 
Ipc/Ipa 0.96 0.94 0.97 1.01 0.97 0.97 1.01 0.97 
Table 24 – Ipc/Ipa peak current ratios for fibres PHU and PHTU-based fibres, 
(Measured at varying scan rates vs. Ag/AgCl electrode in 10 mmol dm-3 
K₃[Fe(CN)₆] with 0.1 mol dm-3 KCl vs. Ag/AgCl). 
Figure 76 and Figure 77 show the effect of changing scan rate on the peak current. 
Currents for anodic and cathodic peaks are shown for PHU and PHTU-based fibres 
respectively. Peak currents were found to increase and decrease linearly vs. the square root 
of the scan rate used, again indicating a diffusion controlled system. As was found for 
fibres produced from Orgacon PEDOT:PSS, the system is believed to be quasi-reversible 
(171-173). 
 
Figure 76 – Graphs of peak current vs. square root of scan rate PHU (A), PHS5 
(B), PHF5 (C), PHD5 (D). Measured at varying scan rates vs. Ag/AgCl 
electrode in 10 mmol dm-3 K₃[Fe(CN)₆] in 0.1 mol dm-3 KCl vs. Ag/AgCl. 
A B 
C D 
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Figure 77 – Graphs of peak current vs. square root of scan rate PTHU (A), 
PHTS5 (B), PHTF5 (C), PHTD5 (D). Measured at varying scan rates vs. 
Ag/AgCl electrode in 10 mmol dm-3 K₃[Fe(CN)₆] in 0.1 mol dm-3 KCl vs. 
Ag/AgCl. 
Through analysis of the peak current data using the Randles Sevcik equation, the 
accessible electrochemical surface area of each fibre was determined. Surface area values 
were calculated, and compared with the values for a theoretical cylinder of the same 20 µm 
by 1 cm dimensions as the fibres used, presented in Table 25. 
Fibre 
Cylindrical 
Surface Area 
(cm2) 
Electrochemical 
Surface Area 
(cm2) 
% Of 
Cylindrical 
% Of  
Respective 
Untreated 
Fibre 
PHU 0.025 0.077 30 100 
PHS5 0.025 0.095 380 120 
PHF5 0.025 0.095 380 120 
PHD5 0.025 0.096 38 130 
PHTU 0.006 0.019 300 100 
PHTS5 0.006 0.034 540 180 
PHTF5 0.006 0.033 520 180 
PHTD5 0.006 0.032 510 170 
Table 25 – Comparison of electrochemically calculated accessible surface area 
values for all PHU and PHTU-based PEDOT:PSS (PH1000) fibres. 
A B 
C D 
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It can be seen that all fibres possess a surface area far greater than that of a theoretical 
cylinder of the same dimensions. This is attributed to two factors, firstly the rough surface 
of the fibres, and secondly the ability for the internal surface area of the fibres to be 
accessed due to small amounts of swelling from water uptake of the fibres when placed 
into aqueous electrochemistry solutions. The surface area of the fibres increased from 
0.077 cm2 to 0.095 - 0.096 cm2 for all treatments of PHU-based fibres, and from 0.019 cm2 
to 0.032 – 0.034 cm2 for all treatments of PHTU-based fibres. This correlates well with the 
other data obtained, showing an increase in electrochemical properties obtained after 
treatments are performed. No clear discrimination can be made between treatments based 
on their surface area changes.  
While the thicker PHU-based fibres displayed a 23 % increase in accessible surface area 
after treatment, the thinner PHTU-based fibres exhibited an increase of 79 %. As with 
other results obtained for these thinner fibres, the larger surface to core ratio causes the 
treatments to have a larger effect on the fibres. Again no pronounced difference is 
observed between the treatments, but all have a highly beneficial effect on the fibres’ 
electrochemical surface areas. 
5.2.2.4 Fibre Electrochemical Properties – Charge Discharge Cycling 
Cyclic charge discharge measurements were performed on all PH1000 fibre types, at a 
current density of 0.5 A g-1. As with previous charge discharge measurements, discharge 
times were determined from the gradient of the discharge curve in the upper 50 % voltage 
range (11). Figure 78 shows example charge discharge times for each fibre type. It can be 
seen that all PH1000 fibres display longer total times than their Orgacon counterparts 
(section 5.2.1.4). No Orgacon fibre was found to have a total time longer than 80 s, 
whereas fibres spun from Clevios PH1000 PEDOT:PSS range between 100 and 130 s 
before reaching 0 V, thus PH1000 fibres therefore exhibit higher capacitance than Orgacon 
fibres. 
No initial voltage jump or drop is observed upon charging or discharging untreated or 
treated fibres in this system, unlike previous Orgacon fibres. It is believed that these 
PH1000 fibres possess a higher electrical conductivity, decreasing the equivalent series 
resistance in the system. 
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Figure 78 – Example individual charge discharge plots for PHU and PHTU-
based wet spun PEDOT:PSS (PH1000) fibres. Measured at 0.5 A g-1 vs. Ag/AgCl 
electrode in 1 mol dm-3 sodium sulfate vs. Ag/AgCl. 
As shown in the averaged capacitance values in Figure 79 and detailed in Table 26, the 
values obtained for PHTU-based fibres were found to be on average 30 % higher than 
those obtained previously for the thicker PHU-based fibres. This is likely due to the 
increased surface to core ratio created by a thinner fibre. This increased ratio means that a 
greater proportion of the fibre can be accessed by the electrolyte, thus increasing the mass 
specific capacity. 
 
Figure 79 – Averaged charge discharge capacitance values for all PEDOT:PSS 
(PH1000) fibres. Measured at 0.5 A g-1 vs. Ag/AgCl electrode in 1 mol dm-3 
sodium sulfate vs. Ag/AgCl. Error bars represent one standard deviation from 
repeat measurements with n ≥ 5 fibre replicates. 
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 Capacitance (F g-1) 
Fibre Treatment PHU-Based Fibre  PHTU-Based Fibre  
Untreated as-spun fibre 26.8 ± 3.0 34.5 ± 0.5 
5 min sulfuric acid 18.8 ± 1.6 27.4 ± 2.4 
5 min formic acid 29.1 ± 1.9 37.3 ± 4.1 
5 min DMSO 38.1 ± 8.4 49.7 ± 3.8 
Table 26 – Averaged charge discharge capacitance values for all PEDOT:PSS 
(PH1000) fibres. Measured at 0.5 A g-1 vs. Ag/AgCl electrode in 1 mol dm-3 
sodium sulfate vs. Ag/AgCl. Error represents one standard deviation from repeat 
measurements with n ≥ 5 fibre replicates. 
It can be seen that sulfuric acid treated fibres in fact show a decrease in the charge and 
discharge time relative to untreated fibres, while formic acid treated fibres show little or no 
change, and only DMSO treated fibres show an increase in their times, and therefore 
capacitance. The decrease in capacity observed for both sulfuric acid treated fibres is 
believed to be attributed to the remaining sulfuric acid residue left within the fibre. This 
residue increases the diameter and mass of the fibres, without providing additional charge 
storage capability, therefore reducing the mass specific capacitance of the fibre. 
To provide a comparative measurement, fibres PHTU and PHD5 were tested using 
impedance spectroscopy and the results compared with those obtained through charge 
discharge cycling. The same exact fibres were employed for each measurement technique, 
to allow direct comparison of both techniques. Nyquist plots for both fibres are shown in 
Figure 80. Values were taken above the knee frequency for each fibre, where 
pseudocapacitive mechanisms are fully possible, and used to calculate the specific 
capacitance of each fibre. Specific capacitance values of 42.4 and 53.6 F g-1 were obtained 
for fibres PHTU and PHTD5 respectively, and are compared against the values obtained 
through charge discharge (at 0.5 A g-1) in Figure 81. It can be seen that similar values are 
obtained for both fibres, confirming the ability to use impedance spectroscopy to analyse 
fibres such as these. However, as charge discharge measurements allow for control over 
parameters such as the full voltage range applied, as well as the current density, they were 
the method of choice for measurements of capacitance within this work. 
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Figure 80 – Nyquist plots obtained through impedance spectra for fibres PHTU 
and PHTD5. Measured between 0.01 and 100,000 Hz, with a perturbation 
voltage of 10 mV in 1 mol dm-3 sodium sulfate vs. Ag/AgCl electrode as a three-
electrode system. 
 
Figure 81 – Specific capacitance comparison for PHTU and PHTD5 fibres 
determined through cyclic charge discharged and impedance techniques. Error 
bars represent one standard deviation from repeat measurements with n ≥ 5 
fibre replicates. 
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5.2.2.5 Fibre Electrical Conductivity 
Figure 82 shows averaged four-point electrical conductivity measurements for all PH1000 
PEDOT:PSS fibres, with details given in Table 27. It can be seen that the fibres display 
higher conductivities than their respective Orgacon counterparts (section 5.2.1.5). 
Untreated PH1000 fibres displayed conductivities similar to those of treated Orgacon 
fibres, and treated PH1000 fibres show a large increase upon these. A doubling to tripling 
of electrical conductivity for PHU-based fibres is observed, and a 6-fold increase is 
achieved for PHTU-based fibres through chemical treatment alone. 
 
Figure 82 – Averaged electrical conductivity values for all PEDOT:PSS 
(PH1000) fibres. Error bars represent one standard deviation from repeat 
measurements with n ≥ 5 fibre replicates. 
 Conductivity (S cm-1) 
Fibre Treatment PHU-Based Fibre  PHTU-Based Fibre  
Untreated as-spun fibre 130 ± 11 122 ± 18 
5 min sulfuric acid 420 ± 50 740 ± 112 
5 min formic acid 300 ± 30 710 ± 98 
5 min DMSO 320 ± 35 800 ± 120 
Table 27 – Averaged electrical conductivity values for all PEDOT:PSS 
(PH1000) fibres. Error represents one standard deviation from repeat 
measurements with n ≥ 5 fibre replicates. 
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5.2.2.6 Fibre Mechanical Properties 
Example stress strain curves obtained through DMA are presented in Figure 83. It can be 
seen that the ultimate tensile strengths are overall lower than those obtained for Orgacon 
wet spun fibres presented previously (section 5.2.1.6). Similar levels of breaking strain are 
seen, with fibres typically extending in the region of 3 to 4 % before breaking. 
 
Figure 83 – Example stress-strain plots for PHU and PHTU-based PEDOT:PSS 
(PH1000) wet spun fibre. 
Averaged results are given in Figure 84, with ultimate tensile strength and Young’s 
modulus values presented in Table 28. As with previous mechanical strength 
measurements, sulfuric acid treated fibres were observed to have the lowest strengths. For 
these PH1000 fibres it was found that formic acid and DMSO treatments did not reduce the 
mechanical strengths of the fibres. This result further suggests that the sulfuric acid treated 
fibres are being affected by residual acid remaining within the fibre, which the other 
formic acid and DMSO treated fibres do not suffer from, as their treatment chemicals fully 
evaporate without leaving any residue. It was also observed that thinner fibres display 
higher ultimate tensile strength values than the thicker PHU-based fibres. It is possible that 
the slower injection rate used for thinner fibres (0.05 rather than 0.75 ml min-1), coupled 
with the smaller needle diameter employed (0.159 vs. 1.19 mm inner diameter) allowed for 
slower coagulation and formation of the fibres, producing greater alignment of the polymer 
chains within the fibres.  
Both thick and thin fibre sets all show a decrease in Young’s modulus for all fibre 
treatments, compared with untreated fibres. Higher modulus values were obtained for thin 
PHTU-based fibres than for thick PHU-based fibres, which is in agreement with the higher 
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values obtained for thin fibres for all other testing observed previously. Sulfuric acid-
treated PHU fibres show notably lower modulus values than other PHU-based fibres. 
 
Figure 84 – Averaged mechanical strengths obtained by dynamic mechanical 
analysis for PHU and PHTU-based PEDOT:PSS (PH1000) wet spun fibres. 
Error bars represent one standard deviation from repeat measurements with n ≥ 
5 fibre replicates. 
Fibre 
Treatment 
PHU-Based Fibre  PHTU-Based Fibre 
Ultimate 
Tensile 
Strength (MPa) 
Young’s 
Modulus 
(MPa) 
Ultimate 
Tensile 
Strength (MPa) 
Young’s 
Modulus 
(MPa) 
Untreated as 
spun fibre 
33 ± 2 1,700 ± 400 115 ± 21 2,900 ± 800 
5 min sulfuric 
acid 
10 ± 3 150 ± 80 77 ± 29 2,000 ± 100 
5 min formic 
acid 
50 ± 3 690 ± 72 120 ± 42 2,600 ± 700 
5 min DMSO 48 ± 8 1,100 ± 500 145 ± 29 3,200 ± 400 
Table 28 – Averaged mechanical strengths obtained by dynamic mechanical 
analysis for PHU and PHTU-based PEDOT:PSS (PH1000) wet spun fibres. 
Error represents one standard deviation from repeat measurements with n ≥ 5 
fibre replicates. 
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5.2.2.7 Thermogravimetric Analysis 
Thermogravimetric analysis (TGA) was used to investigate the treatment’s effect on thick 
PHU-based fibres (Figure 85), and thinner PHTU-based fibres (Figure 86). Fibres treated 
with sulfuric acid, PHS5 and PHTS5, showed a clear difference compared with all other 
fibres which show minimal difference relative to untreated fibres. Sulfuric acid fibres 
showed a larger mass drop at low temperatures below 100oC, indicative of higher water 
content remaining within the fibre. A second mass loss is seen between 100 and 200 oC, 
which is not observed in any other treatment. This indicates some sulfuric acid residue 
remaining, agreeing with the reduced strength observed in DMA results. The combination 
of these results reinforces that sulfuric acid treatments leave residue within the fibre, which 
is the cause of the dramatically reduced strength, not observed in other fibres. 
 
Figure 85 – TGA plots for thick PHU-based wet spun PEDOT:PSS (PH1000) 
fibres PHU, PHS5, PHF5, and PHD5 with 10 OC min-1 ramp rate in air. 
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Figure 86 – TGA plots for thin PHTU-based wet spun PEDOT:PSS (PH1000) 
fibres PHTU, PHTS5, PHTF5, and PHTD5 with 10 OC min-1 ramp rate in air. 
Both sets of fibres show mass drops in the same temperature regions, with all mass lost at a 
little over 500oC. Although the thinner fibres should show the largest overall change from 
the treatments, due to their smaller size giving them a larger surface to core ratio, it is still 
not possible to differentiate between untreated fibres and formic acid or DMSO treated 
fibres in this manner. This is still not unexpected, as the removal of PSS material is 
unlikely to generate enough of a change in the burn temperature weight change to be 
detected through TGA techniques. 
5.3 Summary 
In this chapter, three variants of PEDOT:PSS fibres treated with sulfuric acid, formic acid, 
and DMSO have been produced. These include fibres produced from two different sources 
of PEDOT:PSS, as well as a comparison of two different fibre diameters.  
Analysis of the effect of these treatments on PEDOT:PSS fibres has shown the treatments 
to be effective in modifying many of the properties of the fibres. For Orgacon PEDOT:PSS 
fibres an increase in all measured properties was observed for formic acid and DMSO 
treatments, while sulfuric acid showed an increase in all properties apart from tensile 
strengths. Further analysis of different treatment exposure times showed that 5 min 
treatments are sufficient, with no further improvement being noted after this time.  
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Comparison of PEDOT:PSS sources including Orgacon and Clevios branded materials 
showed Clevios to produce fibres with notably higher electrical conductivities as well as 
charge storage capacitances. Comparison of differing Clevios fibre diameters shows 
thinner PEDOT:PSS (20 µm) fibres to possess superior electrochemical, electrical, and 
mechanical properties when compared with thicker (75 µm) fibres produced from the same 
material. These thinner diameter fibres also show an increased response to treatments, 
showing a far larger increase in electrical conductivity, and charge storage capacitance, 
although a decrease in mechanical strengths were observed. While these results have 
demonstrated notable increases in multiple properties, they are however still lower than 
results obtained through other treatments, such as 2,804 S cm-1 obtained through treatment 
with ethylene glycol (62). As discussed, the treatments are believed to be most effective on 
the surface of the fibres, which is likely the cause of the greater increases in properties 
observed in similar treatments on thin films (59) (128) (159). The mechanical properties 
obtained are competitive with those obtained for other PEDOT:PSS fibres produced 
through wet spinning (62). Ultimate tensile strength values of up to 140 MPa were 
obtained from 20 µm Clevios PH1000 fibres, treated with DMSO for 5 min (PHTD5), 
these similar to other PEDOT:PSS-only fibres, measured at 140 MPa. (74). PEDOT:PSS 
fibres containing additional SWCNTs were found to have higher values, up to 200 MPa for 
SWCNTs employing SDS (30), and 250 MPa for PEG-functionalised SWCNTs (75). 
Capacitance values of up to 50 F g-1 were obtained, also from PHTD5 fibres, higher than 
PEDOT:PSS fibres containing PEG-functionalised SWCNTs measured at 35 F g-1 (75), but 
lower than the 69 F g-1 obtained from PEDOT:PSS-SWCNT fibres (30). PEDOT:PSS-
Polypyrrole composites were found to have a specific capacitance of 200 F g-1, showing 
the potential benefits of multi-polymer systems (110). PEDOT/MnO2/MWCNT 
composites were found to have a capacitance of up to 148 F g-1 (182), demonstrating the 
potential for capacity improvement using materials such as manganese dioxide. 
Using these results, it is possible to say that a fibre produced from Clevios PH1000 with a 
20 µm diameter, and treated with DMSO will produce the fibre most suited for use in 
electrochemical capacitor devices. These fibres would possess the highest charge storage 
capability, with the highest balance of electrical conductivity and mechanical strengths.  
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6 Formation and Protection of Manganese Dioxide Coatings 
6.1 Introduction  
Manganese dioxide is a promising material for energy storage devices, seeing widespread 
use in a range of different devices, such as batteries and capacitors (183-185). Manganese 
dioxide stores charge through pseudocapacitance (186-187), utilising electron transfer to 
vary the oxidation state of manganese ions, coupled and balanced with insertion and 
extraction of cations from the electrolyte into the manganese dioxide structure. A 
simplified equation to demonstrate this process is given below: 
MnIV𝑂2 + 𝑥𝑒
− + 𝑥𝐻+ ⇄ 𝐻𝑥𝑀𝑛𝑥
𝐼𝐼𝐼𝑀𝑛1−𝑥
𝐼𝑉 𝑂2 
Equation 9 – Simplified equation for manganese dioxide pseudocapacitive 
energy storage mechanism. 
Through these processes, manganese dioxide is able to store large amounts of charge, 
resulting in a high capacitance, and thus a high charge density, with a theoretical maximum 
capacitance in the order of 1,300 F g-1 (186) (188). Multiple forms and structures of 
manganese oxides are possible with manganese dioxide (Figure 87), alone possessing a 
variety of forms including α, δ, γ, and β. However, the focus of this work is on producing 
manganese dioxide incorporated on, or within, fibres, with the aim of increasing their 
specific capacitance. 
 
Figure 87 – Example SEM image of an MnO2 film employed as an electrode (189). 
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While manganese dioxide is an excellent choice of material for electrical energy storage, it 
cannot function and be used alone, due to poor electrical conductivity (in the order of 10-5 
S cm-1). A conducting material is therefore required to act as a current collector, to supply 
and remove electrons from the manganese material during charge storage. In this chapter, 
PEDOT:PSS fibres are to be employed as this conducting material. Manganese dioxide 
will be incorporated within, or coated on the fibres with the aim of producing flexible fibre 
capacitor electrodes with capacitances far exceeding those of PEDOT:PSS conducting 
fibre electrodes alone. 
Formation of manganese dioxide will be investigated using several methods. Chemical 
reduction of manganese compounds will be carried out by dipping PEDOT:PSS fibres into 
solutions containing manganese. This method has been shown previously to enable quick 
and simple production of manganese dioxide on PEDOT:PSS materials (190). 
Electrochemical deposition from aqueous solutions containing manganese compounds such 
as manganese acetate (191-193), or manganese sulfate (194-195) will also be carried out. 
Different concentrations of solution, deposition voltages, and deposition times will be 
investigated to achieve the highest capacitance in the coated fibres. 
These fibres will be characterised and their charge storage capability assessed. Additional 
layer(s) of conducting polymers will be coated on the outside of fibres, following the 
addition of manganese dioxide. These conductive coatings will serve a dual purpose, to 
physically protect the manganese dioxide from being leached into the electrolyte or 
otherwise removed from the fibre, and also to provide further conductivity to the 
manganese dioxide coatings. Different coating methods and materials have been 
investigated, including a combination of multiple layers and multiple materials to achieve 
the highest initial capacity and capacity retention. Figure 88 below shows a fibre cross 
sectional diagram of the proposed composite fibres, displaying the core PEDOT:PSS fibre, 
MnO2 layer, and outer conducting polymer layer(s). 
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Figure 88 – Cross sectional diagram of multi-component multi-layer fibre. Inner 
PEDOT:PSS fibre, MnO2 middle layer, and further conductive polymer layer(s) are shown. 
6.2 Results - Chemical Deposition from Solutions of KMnO4 on Orgacon Fibres 
6.2.1 Dip Immersion into KMnO4 
Immersion of PHD5 fibres in solutions of potassium permanganate at concentrations of 10 
mmol dm-3 was found to quickly destroy the PEDOT:PSS fibres. Immersion in solutions of 
lower concentration was possible, without destroying the fibres. It was found that fibres 
immersed in 1 mmol dm-3 solutions did not disintegrate during the initial treatment, but 
were sufficiently weakened to the point where drying and testing of the fibres was not 
possible, and as such only concentrations lower than 1 mol dm-3 were used for further 
testing. 
6.2.2 Cyclic Voltammetry 
Figure 89 shows CV results of PHD5 fibres immersed in 100 µmol dm-3 potassium 
permanganate for 1 and 10 min, and for 1 min and 1 h in 10 µmol dm-3 potassium 
permanganate. It can be seen that higher concentrations, and longer immersion times both 
produce fibres with lower currents, and poorer CV profiles than those for PHD5 fibres 
without permanganate immersion. The highest capacitance of an immersed fibre was 
obtained from 1 min 10 µmol dm-3 immersion; however, this is still a notably poorer 
performance than without immersion. Longer immersion times were found to deteriorate 
fibre performance further. This degradation is attributed to the strong oxidising nature of 
permanganate, which has been demonstrated to oxidise organic molecules (196), including 
PEDOT (197), as evident in the fibre destruction and weakening described previously. 
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Figure 89 – CV of PHD5 PEDOT:PSS (PH1000) fibres after immersion in 
KMnO4 solutions of various concentrations and durations. Measured at 100 mV 
s-1 vs. Ag/AgCl electrode in 1 mol dm-3 sodium sulfate. 
6.2.3 Charge Discharge Cycling 
It was found that no combination of concentration and immersion time produced a 
beneficial effect on the electrochemical properties of the fibres as measured by CV. Charge 
discharge measurements were taken to confirm these results, with all immersed fibres 
storing less charge than fibres before immersion. There is a clear decrease in capacitance 
observed after immersion of the PHD5 fibres into KMnO4, which is further decreased with 
longer immersion times. 
Fibre Treatment Capacitance (F g-1) 
PHD5 38.1 ± 1.6 
1 min 1 mmol dm-3 KMnO4 13.1 ± 9.2 
10 min 1 mmol dm-3 KMnO4 8.5 ± 3.1 
Table 29 – Comparison of charge discharge capacitance values for spun 
PEDOT:PSS (PH1000) fibres before and after KMnO4 chemical deposition. 
Error represents one standard deviation from repeat measurements with n ≥ 3 
fibre replicates. 
Following these results, it was decided that chemical formation of manganese oxides 
through immersion in KMnO4 solutions was not a viable method for this application. 
Hence, electrochemical deposition was therefore investigated. 
PHD5 
1 min 10 µM 
1 h 10 µM 
1 min 100 µM 
10 min 100 µM 
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6.3 Electrochemical Deposition of Manganese Oxides on Orgacon Fibres 
Electrochemical deposition of manganese oxides was investigated, as it was believed to 
offer a less detrimental method of oxide formation, without damaging the PEDOT:PSS 
fibres. Initial experiments were carried out on D5 fibres (Orgacon, treated with DMSO). 
Manganese(II) acetate, and the voltage range employed (0.7 – 1.2 V) were chosen based on 
successes reported previously (191-193). Performance of deposition products was analysed 
via CV and charge discharge cycling. Other analysis was conducted using Raman 
spectroscopy and SEM imaging to analyse the composition of the products formed. 
In the CV shown in Figure 90, it can be clearly seen that an increase in current compared 
with pre-deposition fibres is obtained for a deposition voltage of 0.7 V, with further 
increases observed from electrodeposition at 1.0 V. When the voltage is increased however 
to 1.2 V, a large decrease in current response is observed. This is attributed to a thick and 
non-porous oxide layer on the outside of the fibre, preventing capacitive mechanisms from 
occurring. From these results, it was decided that 1.0 V presents the optimal deposition 
voltage for this system. 
 
Figure 90 – CV for electrodepositions from 0.02 mol dm-3 manganese(II) acetate 
using 10 min deposition times at 0.7, 1.0, and 1.2 V deposited on PEDOT:PSS 
(Orgacon) fibres treated for 5 min with DMSO (D5) before electrodeposition. 
Measured at 100 mV s-1 vs. Ag/AgCl electrode in 1 mol dm-3 sodium sulfate. 
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To further investigate the effects of deposition voltage on the oxide layer produced, charge 
discharge measurements were performed on fibres (Figure 91). As seen in the CV in 
Figure 90, an increase in capacitance is seen with increasing voltage, until 1.0 V, therefore 
MnO2 electrodeposition voltages of 0.7, 0.8 and 1.0 V were employed. All deposition 
times showed standard voltage shapes during charge and discharge, although a small level 
of voltage drop at the beginning of the discharge cycles was observed in each deposition 
time. Increases in capacity from the initial ~30 F g-1 for D5 fibres to 76, 100, and 115 F g-1 
for deposition voltages of 0.7, 0.8 and 1.0 V respectively are seen (Figure 92). Depositions 
performed at 1.2 V, however, were found to render the fibre completely non-functional for 
charge discharge measurements: upon charging, a voltage above the cut-off of 0.8 V was 
recorded, and a voltage below 0.0 V was recorded immediately after beginning the 
discharge cycle. This is attributed to the formation of a non-conductive layer which is 
acting to block electron transfer between the PEDOT:PSS fibre core and the electrolyte. 
This causes a rapid charge build up within the fibre, and destroys the fibre’s capability to 
act as a capacitor.  
 
Figure 91 – Example charge discharge measurements for electrodeposition from 
0.02 mol dm-3 manganese(II) acetate using 30 min deposition times at 0.7, 0.8, 
and 1.0 V, deposited on PEDOT:PSS (Orgacon) fibres treated with 5 min DMSO 
before electrodeposition. Measured at a current density of 0.5 A g-1, vs. Ag/AgCl 
electrode in 1 mol dm-3 sodium sulfate. 
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Figure 92 – Charge discharge capacitances extracted from data in Figure 91.  
6.3.1 Electrodeposition Time Determination 
As reported above, 1.0 V was found to be the best voltage to use for electrodepositions 
from manganese(II) acetate and this voltage was employed for all further depositions. To 
analyse the best deposition time to be used, a range of depositions were performed, with 
times of up to 2 h. 
Figure 93 shows the results of charge discharge experiments on fibres subjected to these 
deposition times. A clear increase in the capacity of charge stored can be seen with 
increasing deposition time. The largest increase was found when moving from 10 to 20 
min depositions, with continual increases in capacitance up to 120 min deposition. 
Deposition times above 30 min however produced fibres which suffered from total fibre 
failure, where many fibres would fail to charge, signified by black bars in Figure 93.  
The same charge discharge results were observed for all ‘failing’ fibres, where charging 
cycles would immediately build up charge, producing voltages greater than 0.8 V, and 
discharge cycles would immediately drop to voltages less than 0.0 V, as was seen for 
deposition voltages above 1.0 V. Measurement of multiple fibres enabled the recording of 
the results presented in Figure 93, however most of the fibres produced at deposition times 
of 30 min or longer suffered from this issue. Although higher capacitances can be achieved 
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with longer deposition times, 20 min deposition times were found to be the best 
compromise between capacity and fibre reproducibility.  
 
Figure 93 – Charge discharge measurements for electrodepositions from 0.02 
mol dm-3 manganese(II) acetate using 1.0 V deposition voltages for times 
between 10 and 120 min, deposited on PEDOT:PSS (Orgacon) fibres treated 
with 5 min DMSO before electrodeposition. Measured at a current density of 0.5 
A g-1, vs. Ag/AgCl electrode in 1 mol dm-3 sodium sulfate. 
6.3.2 Identification of Manganese Oxide Form Via Electrodeposition 
6.3.2.1 Raman Spectral Analysis 
Analysis of the oxides produced was undertaken using Raman spectroscopy, to identify the 
form of manganese oxide(s) produced from electrodeposition. Raman spectra were taken 
of fibres after electrodeposition for 20 min at 0.7, 1.0 and 1.2 V using a 532 nm laser. 
Figure 94 shows the Raman spectra of these three fibres; wavenumbers above 1,500 cm-1 
are not shown as no further peaks are observed outside of the region shown. It can clearly 
be seen that all peaks attributed to PEDOT:PSS have been removed, due to the thickness of 
the manganese oxide coating being sufficient to block any laser photons from interacting 
with the PEDOT:PSS material. Four key peaks are observed, a weak peak at 390 cm-1, with 
intense sharp peaks present at 506, 558, and a broader intense peak in the region of 628 
cm-1. The peak at 506 cm-1 is attributed to deformation modes of the Mn-O bonds within 
Mn-O-Mn within the MnO2 octahedral lattice, while the peaks at 558 and 628 cm
-1 are 
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attributed to stretching modes of Mn-O bonds within MnO6 octahedra (120). The peaks 
observed correspond well with literature values for those of γ-MnO2 materials (198) and 
(199). From these results, it is believed that γ-MnO2 has successfully been produced on the 
fibres. 
 
Figure 94 – Raman spectra using 532 nm laser for fibre D5, and manganese 
oxides formed from electrodepositions at 0.7, 1.0 and 1.2 V from manganese(II) 
acetate to D5 fibres. 
6.3.2.2 Electron Microscope Images 
Electron microscope images obtained for fibres after electrodeposition for 20 min at 0.7, 
1.0 and 1.2 V are shown in Figure 95. It can be seen that a layer of manganese dioxide is 
formed on the surface of the fibre, acting as an outer shell coating. Breaks, chips and 
fractures are observed in the MnO2 coating, suggesting that it is brittle, and not as flexible 
as the PEDOT:PSS fibre core. This suggests that a protective polymer coating may be 
required on the outside of the fibre. 
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Figure 95 – Electron microscope images of 5 min DMSO treated fibres spun 
from PEDOT:PSS (Orgacon D5) (A) and after electrodeposition from 0.02 mol 
dm-3 manganese(II) acetate for 20 min at 0.7 V (B), 1.0 V (C), 1.2 V (D). 
EDX elemental mapping was carried out to analyse the distribution of manganese 
throughout the fibre and the coating, and is shown in Figure 96. The images clearly show 
the distribution of manganese through the coatings, shown in yellow, with original SEM 
images shown in greyscale. Much greater manganese coverage can be seen on the fibre 
surface compared to the PEDOT:PSS core suggesting little manganese growth/transport 
into the polymer, but high amounts being grown on the surface. The third set of images 
show the threshold where the fibre entered the electrolyte during electrodeposition, shown 
with a black line. The area above shows no deposition, while the area below shows 
manganese electrodeposition. 
100 µm 
100 µm 100 µm 
100 µm 
A 
 
B 
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Figure 96 – EDX element maps of D5 fibres spun from PEDOT:PSS (Orgacon) 
after 20 min 1.0 V electrodeposition from 0.02 mol dm-3 manganese(II) acetate. 
Greyscale images (left) show original SEM images, with yellow element maps 
(right) showing manganese distribution. 
6.3.3 Capacity Retention Analysis 
6.3.3.1 Manganese Charge Discharge  
It has been found that deposition times of 20 min or below and voltages of 1.0 V or below 
produce fibres with the best compromise of initial capacitance and fibre reliability. The 
capacity retention of the fibres produced at each voltage was also measured (Figure 97). 
MnO2 
Fibre 
MnO2 
Fibre 
MnO2 
Fibre 
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Figure 97 – 250 cycle capacity retention of D5 fibres with 20 min manganese(II) 
acetate electrodepositions at 1.0, 0.8, and 0.7 V. Measured at 0.5 A g-1 between 
0.0 and 0.8 V vs. Ag/AgCl electrode in 1 mol dm-3 sodium sulfate. 
It is apparent that all fibres analysed suffer from poor capacity retention when subjected to 
repeated charge discharge cycling at 0.5 A g-1. After 250 cycles, the fibres have lost the 
majority of their original capacitance. Capacity losses are summarised in Table 30.  
Fibre Deposition 
Parameters 
Initial Capacity  
(F g-1) 
Capacity After 250 
Cycles (F g-1) 
Capacity Retained 
After 250 Cycles 
(%) 
0.7 V – 20 min 89.7 35.6 40.7 
0.8 V – 20 min 120.5 35.6 29.5 
1.0 V – 20 min 138.9 30.2 21.7 
Table 30 – Initial and final capacitance values after 250 cycles for D5 fibres 
with 20 min manganese(II) acetate electrodepositions at 0.7, 0.8, and 1.0 V. 
Measured at 0.5 A g-1 between 0.0 and 0.8 V vs. Ag/AgCl electrode in 1 mol dm-3 
sodium sulfate. 
6.3.3.2 Conducting Polymer Coatings 
To improve this capacity retention, with the aim of retaining as much of the initial capacity 
as possible after as many cycles as possible, layers of conducting polymer were deposited 
on the outside of the PEDOT:PSS-MnO2 fibres. Both sources of PEDOT:PSS (Orgacon 
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and Clevios PH1000) were tested using dip coating and employing varied coating times, 
polymer concentrations, and coating cycles. Electrochemical deposition of polypyrrole was 
also tested. In addition to protecting the MnO2, these polymers may have a secondary 
benefit of potentially increasing the total capacity of the fibres. The addition of the 
polymers can provide extra conductivity to the manganese matrix, as well as storing charge 
themselves through pseudocapacitance 
The results shown (Figure 98) show a D5 fibre treated with a 20 min 1.0 V 
electrodeposition of MnO2, as well as fibres with additional conducting polymer coatings. 
Chemical coatings of 1 wt.% Orgacon and PH1000, with an immersion time of 2 min each 
are shown, as well as a 3 min 0.8 V electrodeposition of polypyrrole (PPy). It was found 
that all coatings improved the capacity retention of the fibres. The best retention came 
from using only a PPy deposition directly on to the MnO2 layer. Combinations of 
PEDOT:PSS dip followed by a polypyrrole deposition coating were also investigated (not 
shown), but were found to offer no notable benefit over a polypyrrole coating alone.  
 
Figure 98 – Capacity retention of coated PEDOT:PSS-MnO2 (Orgacon) fibres 
Measured at 0.5 A g-1 between 0.0 and 0.8 V vs. Ag/AgCl electrode in 1 mol dm-3 
sodium sulfate. 
To further improve upon these results, the same processes were applied to fibres spun from 
PH1000 PEDOT:PSS to determine if the superior properties of the polymer translate to 
increased overall retention properties. 
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6.4 Electrochemical Deposition of Manganese Oxides on Clevios PH1000 Fibres 
Fibres spun from Clevios PH1000 and treated with 5 min DMSO (PHD5) were 
demonstrated to exhibit multiple improved properties over the respective Orgacon spun 
fibres. Electrodeposition of manganese oxides on to these fibres was expected to further 
boost their performance, potentially showing greater results than those obtained thus far for 
Orgacon fibres. 
6.4.1 Electrodeposition Voltage Determination 
A deposition time of 20 min at a voltage of 1.0 V produced the highest specific capacitance 
in Orgacon fibres (without encountering fibre failure); as such these conditions were tested 
first on PHD5 fibres. It was found that a 20 min deposition produced the same issue as was 
observed in Orgacon fibres treated for 30 min or longer. While some fibres successfully 
functioned with improved capacity, the majority failed during charge/discharge cycles in 
the same manner as previously described. Because of this the deposition time was reduced 
to 10 min, which was found to produce successful fibres.  
6.4.2 Electrodeposition Time Determination 
Electrodeposition of manganese oxide for 10 min on PHD5 produced fibres with an initial 
capacity of 102 F g-1, which was lower than Orgacon fibres from 20 min deposition, (initial 
capacity of 139 F g-1). This decrease in capacitance was unexpected, as fibres spun from 
PH1000 displayed far higher conductivity, and higher/similar capacitance than fibres spun 
from Orgacon PEDOT:PSS. However, the larger diameter of the PH1000 fibres is believed 
to reduce the specific capacitance because of the extra weight of this fibre. Fibres spun 
from PH1000 have average diameters of 90 µm while Orgacon spun fibres are closer to 40 
µm. This twofold increase in diameter would cause a ~ 500 % increase in the weight per 
length of the fibre.  
To combat this, electrodepositions were performed on PHTD5 fibres (average diameter 20 
µm) using the same conditions as previously described (0.02 mol dm-3 manganese(II) 
acetate at 1.0 V). Analysis of varying deposition times was performed (Figure 99). 5 min 
depositions proved to be the optimal time; shorter times yielded lower capacitances, while 
depositions for longer than 5 min produced fibres which failed during charge/discharge 
cycling. 5 min depositions were therefore used for all further work in this section.  
 131 
 
 
Figure 99 – Capacitance of PHTD5 fibres after electrodeposition of manganese 
dioxide from 0.02 mol dm-3 Mn(II) acetate solutions at 1.0 V vs. Ag/AgCl for 
varying deposition times. Measured at 0.5 A g-1 between 0.0 and 0.8 V vs. 
Ag/AgCl electrode in 1 mol dm-3 sodium sulfate. 
 
Figure 100 – CV results of a PHTD5 fibre compared with a PHTD5 fibre after 5 
min 1.0 V deposition from 0.02 mol dm-3 Mn(II) acetate vs. Ag/AgCl. Measured 
at 100 mV s-1 vs. Ag/AgCl electrode in 1 mol dm-3 sodium sulfate. 
As shown in Figure 100, CV comparing PHTD5 fibres before and after the 5 min 
deposition show a large increase in the area of the voltammogram, corresponding to the 
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increased capacitance. The shape shows a larger deviation from that of an ideal rectangle, 
likely due to the poor electrical conductivity of the manganese dioxide, contributing to 
slower reaction kinetics at the fast scan rate of 100 mV s-1. 
6.4.3 Identification of Manganese Oxide Form 
Raman spectra of electrodepositions on PHTD5 fibres were obtained, and compared with 
spectra obtained for 20 min 1.0 V depositions on Orgacon fibre D5 (Figure 101). The 
spectrum observed for this deposition system is very similar to that observed previously for 
electrodepositions performed on Orgacon fibres. Peaks are present at 628, 558, 506, and 
306 cm-1. As such, it is again believed that γ-MnO2 manganese dioxide has been produced 
(198-199). 
 
Figure 101 – Raman spectra of manganese oxide electrodepositions on PH1000 
fibre PHTD5, and Orgacon fibre D5. Spectra are normalised around the peak at 
627 cm-1. 
Electron microscope images of PHTD5 fibres with 5 min 1.0 V electrodepositions were 
obtained, clearly showing the manganese layer formed on the outside of the fibre, shown in 
Figure 102. Fibre surface images suggest that the layer formed is brittle, due to fracturing 
seen in image A. The surface showed a smoother profile than that formed on Orgacon 
fibres (shown previously in Figure 96). This is possibly a function of quicker growth due to 
the higher electrical conductivity of the PH1000-based fibres. 
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Figure 102 – Electron micrographs of PHTD5 fibre after 5 min 1.0 V deposition 
from 0.02 mol dm-3 Mn(II) Acetate.  
6.4.3.1 Thermogravimetric Analysis 
Figure 103 shows TGA traces for a PHTD5 fibre, and a PHTD5 fibre after a 5 min 
electrodeposition at 1.0 V from 0.02 mol dm-3 manganese(II) acetate. Comparing the two 
fibres, it can be seen that the fibre with MnO2 deposited shows a larger initial drop, 
suggesting that there may be water remaining within the fibre after electrodeposition. As 
the fibre is completely coated in manganese dioxide, this coating traps water within the 
fibre, inhibiting complete evaporation and drying of the inner fibre. Further mass loss 
continues to be seen, until 660 oC, after which no further loss of mass is seen. This yields a 
remaining mass of 59 % of the initial. 4.5 % remaining mass is observed for untreated 
PHTD5 fibres, therefore 54.5 % of the mass is attributed to the manganese dioxide formed 
during the electrodeposition, as almost all PEDOT:PSS material has been shown to have 
been lost by this temperature. 
A B 
C D 
10 µm 10 µm 
10 µm 1 µm 
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Figure 103 – TGA plots comparing PHTD5 PEDOT:PSS (PH1000) fibres with 
and without a 5 min 1.0 V electrodeposition from 0.02 mol dm-3 manganese(II) 
acetate. 10 oC min -1 ramp rate in air. 
A capacitance of 213 F g-1 was found for fibres after this 5 min deposition, with 38 F g-1 
being contributed from the PHTD5 fibre. The remaining 175 F g-1 was therefore 
contributed from the manganese dioxide layer coating the fibre. This compares well with 
previously reported manganese dioxide materials, although still well below the theoretical 
maximum (200-202). 
6.4.4 Capacity Retention Enhancement 
In order to improve the capacitance retention of PHTD5 fibres with electrodeposition 
coatings, a conducting polymer coating of PPy was electrodeposited on top of the MnO2 
layer at 0.8 V for 3 min. Figure 104 shows Raman spectra at each stage of the two stage 
electrodeposition on a PHTD5 fibre. The bottom spectrum shows the peaks associated with 
PEDOT:PSS from the PHTD5 fibre, the middle shows the spectrum of the same fibre 
following MnO2 electrodeposition, and the top spectrum is following a polypyrrole 
electrodeposition. 
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Figure 104 – Raman spectra using 532 nm laser of a PHTD5 fibre after each 
stage of formation. Showing the PHTD5 fibre, after 5 min 1.0 V MnO2 
electrodeposition, and after a following 3 min 0.8 V polypyrrole 
electrodeposition. 
Each successive coating completely covers the fibre, since no peaks from the material in 
the layer beneath can be seen. For example, when analysing the fibre after MnO2 
electrodeposition, none of the PEDOT:PSS peaks observed in the PHTD5 fibre spectrum 
are present. The spectrum confirms that the outer layer is polypyrrole (203-205). Peaks in 
the spectrum of polypyrrole shown in Figure 104 at 931 cm-1 are attributed to C-H out of 
plane vibrations, and at 969 cm-1 to ring in-plane bending, while 1,090 cm
-1
 originated from 
C-H in-plane bending. The key N-H in-plane bending peak was observed at 1,250 cm-1, 
while the most intense peaks observed at 1,570 and 1,590 cm-1 are due to the C=C polymer 
structure stretching. 
The capacity retention of the coated PHTD5 fibres was analysed, with the results displayed 
in Figure 105. It can be seen that MnO2 electrodepositions performed on fibres spun from 
PH1000 PEDOT:PSS (fibre PHTD5) show far higher capacity retention (~ 80 % after 500 
cycles) than the equivalent deposition on fibres spun from Orgacon PEDOT:PSS (~ 20 % 
after 500 cycles) (fibre D5). The PPy coating increases the capacity retention of Orgacon 
and PH1000 fibres, although it was found that even after polypyrrole coating, Orgacon 
fibres were not able to match the retention of uncoated PH1000 fibres. PHTD5 fibres with 
electrodeposited manganese dioxide had an initial capacity of 212 F g-1, retaining 58 % of 
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this capacity after 500 cycles to give 124 F g-1. A similar fibre with a further PPy layer 
displayed a higher initial capacity, due to the additional polypyrrole material and increased 
outer conductivity, of 237 F g-1, and retained over 82 % of this to give a capacity of 195 F 
g-1 after 500 cycles. This presents a dramatic improvement in capacity retention. 
 
Figure 105 – Capacity retention for PEDOT:PSS fibres with successive 
manganese dioxide and polypyrrole layers. Red lines show PH1000-based 
PHTD5 fibres, and black show Orgacon-based D5. Solid lines represent 
manganese deposition, with dashed lines representing manganese and PPy 
layers. Measured at 0.5 A g-1 between 0.0 and 0.8 V vs. Ag/AgCl electrode in 1 
mol dm-3 sodium sulfate. 
SEM EDX images, obtained to analyse the PPy layer’s coverage of the fibre are presented 
in Figure 106. From the map of nitrogen distribution on the fibre, it can be seen that PPy 
appears to have been produced evenly across the fibre’s surface. 
 
 
Figure 106 – SEM EDX elemental maps showing grayscale image (left), with 
carbon (centre) and nitrogen (right) element maps of a three-layer fibre 
produced from PHTD5, with MnO2 and polypyrrole layers.  
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6.5 Summary 
Several methods for incorporating MnO2-based materials into PEDOT:PSS fibres were 
investigated. Dipping of fibres into solutions of potassium permanganate was found to be 
an unsuitable method for this work due to degradation of the fibres. Fibres were destroyed, 
or their electrochemical properties greatly reduced by following this dip treatment.  
Electrodeposition from solutions of manganese acetate was investigated, and found to 
present a viable method of capacitive fibre production. By varying the electrodeposition 
time and voltage, the conditions were optimised for electrodeposition on PEDOT:PSS 
fibres produced from Orgacon as well as PH1000 sources. It was found that these two 
PEDOT:PSS sources can both be used to produce fibres with high initial specific 
capacitance values exceeding 200 F g-1. Comparison of electrodeposition times found that 
shorter times were required for thinner diameter fibres, to avoid excessive MnO2 growth. 
Electrodeposition voltages were varied, and it was determined that 1.0 V (relative to 
Ag/AgCl reference) provided the optimal voltage for electrodeposition. Combining these 
measurements allowed for the optimal conditions to be developed. For Orgacon fibres (40 
µm), a 20 min electrodeposition from 0.02 mol dm-3 manganese(II) acetate at 1.0 V was 
optimal, while only 5 min was required for thin Clevios PH1000 fibres (20 µm). 
Although high initial specific capacitance values were optimised and obtained, these fibres 
displayed poor capacity retention upon repeated cycling. A range of conducting polymer 
coatings were applied and tested, with a 3 min 0.8V electrodeposited coating of 
polypyrrole found to give the best capacity retention. The optimised 3-layer fibres 
produced has an initial capacity of 237 F g-1, with capacity retention of over 80 % after 500 
cycles, compared with 58 % for an uncoated equivalent fibre. 
The initial capacitance values obtained in this chapter, of up to 160 F g-1 are roughly 30% 
lower than the highest other manganese dioxide-containing conducting polymer and carbon 
materials, at equivalent current densities and conditions, however the capacity retention on 
repeated cycling is inferior. Initial values of up to 210 F g-1 were obtained for 
MnO2/PEDOT coaxial nanowires (191), while electrochemically deposited MnO2 on 
carbon fibres produced values of up to 400 F g-1, calculated using on the mass of the MnO2 
(102), whereas capacitance values in this work were determined from total fibre mass. 
Values of up to 160 F g-1 were obtained from coaxial composites employing MWCNTs, 
PEDOT and MnO2 (182). It can be seen that the fibres produced within this chapter are 
 138 
 
comparable with similar PEDOT:PSS-MnO2 fibres. However, far higher capacitance 
values have been reported for flexible textile capacitors using carbon fibre with nickel-
cobalt layered double hydroxides containing zinc nanowires. These were found to exhibit a 
specific capacitance approaching 2,000 F g-1 (206). Specific capacitance values of 1,010 F 
g-1 at 20 A g-1 were also obtained using nickel-cobalt oxides grown on carbon fibre cloth 
(207), further demonstrating the potential of these materials to exceed the capacitance 
values typically seen for conducting polymer-MnO2 composites. MnO2 deposited on 
carbon fibre cloth were able to achieve a specific capacitance of 635 F g-1, with capacity 
retention of 95% after 3,000 cycles (208) far higher than produced in this chapter for 
MnO2-PEDOT:PSS fibres.  
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7 Addition of Nanomaterials into PEDOT:PSS Fibres 
7.1 Introduction 
It has been shown in a wide range of applications that the addition of extra materials can 
bestow improved properties upon fibres (209-210). For example, the addition of CNTs into 
polymeric fibres is an area of intense research (30) (112). Additional nanomaterials may 
improve the electrical or thermal conductivity (75) (30) (211), mechanical strength (30) 
(211), or the charge storage capacitance of the fibre (75) (211). Desired properties can 
often be obtained by tailoring the material and quantity(s) added, to provide the best 
benefit to the system. 
As has been shown in Chapter 6 of this thesis, the addition of manganese dioxide to 
PEDOT:PSS fibres greatly enhances their charge storage capacitance, increasing from 50 F 
g-1 to over 200 F g-1. However, it was shown that electrochemical deposition of such 
oxides is limited by the poor capacity degradation upon repeated cycling (losing up to 
40 % of initial capacity after 500 cycles), as well as the oxide coatings causing the fibres to 
become brittle, with the coating flaking and breaking away from the fibres. The 
incorporation of birnessite nanotubes, a form of nano-structured manganese oxides within 
PEDOT:PSS fibres presents another option for incorporating these materials. As these 
nanotubes were pre-formed, and would be contained within the fibres, they may enable 
higher capacitance retention than electrodeposited manganese dioxide layers. 
Before nano carbons or birnessite can be added to a polymer, it is typical for them to be 
dispersed into solution to enable processing. As carbon nanomaterials do not disperse in 
water, an additional dispersant and/or stabiliser is added; this can be in the form of a 
surfactant (212) or, for example, a polymer matrix such as chitosan (213). The addition of 
a surfactant/polymer, however, can reduce the effectiveness of the nanomaterials within 
the bulk material. 
An alternative method for dispersing carbon nanomaterials in water is to functionalise 
them. This has as similar effect to using a surfactant, except that the functional groups are 
bonded to the nanoparticles, rather than added as a separate component. This presents an 
opportunity for processing and incorporating carbon nanomaterials within polymeric fibres 
which may be advantageous when compared with the use of surfactants. To investigate 
this, several functionalised nanomaterials were obtained from Haydale Graphene Industries 
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plc. Functionalised graphenes, as well as functionalised MWCNTs were obtained, with 
either carboxylic acid or amine groups (detailed in Table 31, Figure 107). 
Functionalisation Type MWCNT Name FLG Name 
Carboxylic acid MWCNT-COOH FLG-COOH 
Amine MWCNT-NH2 FLG-NH2 
Table 31 – Designations for carboxylic acid or amine functionalised MWCNTs 
and FLGs provided by Haydale. 
 
Figure 107 – Example carboxylic acid functionalised carbon nanotube (left) and 
graphene sheet (right) (214-215). 
A system was developed to first disperse these materials within aqueous Clevios PH1000 
PEDOT:PSS solutions, before wet spinning the solutions into fibres. 
7.2 Addition of Birnessite Nanotubes 
7.2.1 Initial Dispersability Determination 
Initial experiments were performed to determine the possibility and potential for dispersing 
birnessite nanotubes into PEDOT:PSS solutions, as no current literature on this topic was 
found. Small quantities of birnessite powder were added to varying concentrations of 
PEDOT:PSS solutions, and sonicated for different times to determine optimum conditions. 
Table 32 summarises the composition of the first dispersions produced. 
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Dispersion Parameters Fibre Name Code and Details 
Dispersion name using 1 wt.% PEDOT:PSS 1-A 1-B 1-C 1-D 1-E 
Dispersion name using 2 wt.% PEDOT:PSS 2-A 2-B 2-C 2-D 2-E 
Birnessite content (wt.%) 0.00 0.05 0.025 0.05 0.10 
Table 32 - Dispersion names for birnessite added to 1 and 2 wt.% PEDOT:PSS 
(PH1000) solutions dispersed using 1 h bath sonication. 
These dispersions were manually mixed prior to being sonicated using a bath sonicator for 
1 h. All solutions containing 1 wt.% PH1000 (1-A through 1-E) produced dispersions that 
were liquid, whereas for 2 wt.% solutions only dispersions 2-A, and 2-B produced liquid 
dispersions; 2-C, 2-D, and 2-E produced gel-like pastes which were not suitable for fibre 
spinning. It was found that after 1 h of sonication, a large amount of undispersed solid 
material was still observed in all dispersions (example optical microscope images are 
shown in Figure 108). No such solid material was observed in neat PH1000 analysis, 
suggesting undispersed birnessite. 
 
Figure 108 – Optical microscope images of PEDOT:PSS-birnessite (PH1000) 
dispersions after 1 h of bath sonication. 
Attempts to determine the potential for spinning fibres from solutions containing birnessite 
were performed. It was found that dispersions produced from 2 wt.% PH1000 could be 
spun to produce fibres, whereas it was not possible to spin fibres from dispersions of 1 
wt.% PH1000 at any birnessite level (dispersions 1-A through 2-E) due to the low 
concentrations of polymer present. 
 
100 µm 100 µm 
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7.2.2 Dispersion Parameter Optimisation 
To attempt to increase the homogeneity of the birnessite dispersion within the 
PEDOT:PSS, further dispersions were produced and sonicated for longer time periods, as 
shown in Table 33. Codes were assigned to the dispersions in the format B-W-T where ‘B’ 
stands for the second set of dispersions, ‘W’ represents the truncated wt.% of birnessite in 
the original dispersion, and ‘T’ the bath sonication time in h. Fibres are given the same 
name as the dispersion from which they were spun, although it is noted that variation in the 
actual amount of birnessite in the final fibre is likely, due to imperfect stability in the 
dispersion and during the spinning process. Fibres in this chapter are named based on the 
amounts of material added to the dispersions from which they were formed. It is noted that 
this may not represent the exact amounts of each material in the fibres produced, due to 
imperfect dispersion, inhomogeneity in the fibres produced, and any agglomeration or 
precipitation of the dispersed materials occurring during the fibre production process. 
Dispersion  
Name 
Birnessite Concentration 
(wt.%) 
Bath Sonication  
Time (h) 
B-5-1 
0.05 
1 
B-5-5 5 
B-5-20 20 
B-10-1 
0.10 
1 
B-10-5 5 
B-10-20 20 
B-15-1 
0.15 
 
1 
B-15-5 5 
B-15-20 20 
B-20-1 
0.20 
1 
B-20-5 5 
B-20-20 20 
Table 33 – Dispersion/fibre names for birnessite added to 2 wt.% PEDOT:PSS 
(PH1000) solutions with 2 h bath sonication. 
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It was found that all dispersions containing more than 0.10 wt.% of birnessite produced a 
paste after all sonication times, making them unsuitable for further use. Dispersions with 
0.10 wt.% of birnessite or less were still liquid, and were taken forward for fibre 
production. Microscopy analysis of the dispersions revealed that some amount of solid 
material, believed to be birnessite, was still present in the dispersions even after 20 h of 
bath sonication. Figure 109 shows two images of the remaining solid material, showing 
that the birnessite had not achieved complete dispersion into the PEDOT:PSS solution. 
 
Figure 109 – Optical microscope images showing solid material in 
B-10-20 dispersions. 
Fibres were spun using identical parameters to those employed for thin wet spun PH1000 
fibres, described in chapter 5. It was possible to spin fibres from the dispersions in Table 
33 containing 0.10 wt.% birnessite or lower.  
Analysis of the fibres produced showed that the diameters of the fibres were lower than 
those obtained for pure wet spun PH1000 fibres (20 µm under the same spinning 
conditions). It can be seen that fibre diameters decrease with additional sonication time 
(Figure 110). 
 144 
 
 
Figure 110 – Averaged fibre diameters for PEDOT:PSS-birnessite (PH1000) 
dispersions in 2 wt.% PEDOT:PSS. Error bars represent one standard deviation 
from repeat measurements with n ≥ 10 fibre replicates. 
Raman spectra were obtained to confirm the presence of birnessite in these fibres. Figure 
111 left shows Raman spectra for birnessite powder, a PH1000 fibre, and a PEDOT:PSS-
birnessite fibre (fibre B-5-1 shown). All PEDOT:PSS-birnessite fibres analysed via Raman 
spectroscopy exhibited the same spectral characteristics. It can be seen that the Birnessite 
powder displays a prominent peak at 645 cm-1, which is not present in the pure PH1000 
fibre. This peak corresponds to the symmetric stretching of the Mn-O groups present (198-
199) (216). An increase in the peak intensity observed at 1,120 cm-1 is observed in the 
spectrum shown of B-5-1 fibre, however this is attributed to the parameters used to obtain 
the spectra. Higher laser powers (above 5 mW) were required to detect birnessite peaks in 
the fibre, whereas PEDOT:PSS fibre spectra were obtained at laser powers below 1 mW. 
This increase in laser power caused visible burning of the fibre, producing the difference in 
spectra observed. Comparison spectra of the same pure fibre obtained at 1 and above 5 
mW laser power are shown in Figure 111 (right). 
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Figure 111 – Raman spectra of birnessite powder (1 mW), PH1000 fibre (1 mW), 
and B-5-1 fibre (5 mW) (left). Comparison of PEDOT:PSS (PH1000) fibre at 
above 5 mW and 1 mW laser power (right). Obtained using 532 nm laser. 
Electrical conductivity measurements shown in Figure 112 show the effect of increasing 
birnessite concentrations and sonication time on the fibres. It is apparent that increasing 
sonication time dramatically reduces the electrical conductivity of the fibres, down from 
122 S cm-1 for PHTU fibres (with no birnessite and no sonication), while increasing 
birnessite concentrations further reduces this conductivity. Sonication of polymers 
(including PEDOT:PSS at all but the lowest sonication powers (217-218) has been 
reported to damage the polymer chains, altering and deteriorating their properties (219-
220) such as electrical conductivity. 
 
Figure 112 – Electrical conductivity measurements for PEDOT:PSS-birnessite 
(PH1000) fibres. Error bars represent one standard deviation from repeat 
measurements with n ≥ 5 fibre replicates. 
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Analysis of the fibres’ capacitance through charge discharge cycling shows results with 
high levels of error (up to 70 % RSD). At longer sonication times, this error is reduced to 
26 %. It was not possible to obtain results for 20 h as fibres were too small to be tested. 
The capacitances observed are greatly increased compared with standard PEDOT:PSS 
fibres, however do not quite match the level obtained for electrodeposited manganese 
dioxide layers. Due to the poor dispersion of birnessite within the fibre it is possible that 
large clusters of birnessite are present. This poor homogeneity gives rise to the levels of 
error, and lower than optimal capacitance values through poor use of the full mass of 
birnessite. 
 
Figure 113 – Charge discharge results for fibres produced from direct addition 
and sonication of birnessite in to PEDOT:PSS (PH1000) solutions. Measured at 
0.5 A g-1 vs. Ag/AgCl electrode in 1 mol dm-3 sodium sulfate. Error bars 
represent one standard deviation from repeat measurements with n ≥ 5 fibre 
replicates. 
This method of producing fibres was repeated with the addition of Triton X-100 surfactant, 
to aid the dispersion of birnessite. This was found to have little effect on improving the 
quality of the dispersions or the properties of the fibres, so was not studied further. 
7.2.3 PEDOT:PSS-Birnessite Fibres from Aqueous Birnessite Dispersions 
Previous experiments were with birnessite directly added to the PEDOT:PSS solutions. 
Aqueous birnessite solutions of 0.5 wt.% were prepared (optical microscopy shown in 
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Figure 114). These were found to be homogenous and stable over periods of days. This 
dispersion was then mixed with 2 wt.% PH1000 PEDOT:PSS solution in a range of 
loadings, shown in Table 34. As with previous multi-component mixture dispersion fibres, 
these fibres are named after the dispersion they were produced from, and as such may not 
represent the exact loading levels of each material. Some level of variation and deviation 
from the labelled proportions is unavoidable using these preparation and production 
methods (e.g. aggregation or precipitation of dispersions before and/or during fibre 
spinning). 
 
Figure 114 – Optical microscope image of 0.5 wt.% aqueous birnessite 
dispersions after horn sonication. 
Variant Name Code 
Dispersion Birnessite Content (wt.%) 
 (Relative to PEDOT:PSS) 
PHTU 0.0 
5 wt.% 4.8 
9 wt.% 9.1 
13 wt.% 13.0 
20 wt.% 20.0 
Table 34 – Name codes for PEDOT:PSS-Birnessite (PH1000) dispersions/fibres 
produced through mixing of PEDOT:PSS solutions (2 wt.%) and aqueous 
birnessite dispersions (0.5 wt.%). 
7.2.3.1 PEDOT:PSS-Birnessite Physical Properties 
The aqueous PEDOT:PSS-birnessite dispersions were wet spun into fibres using the same 
parameters as used previously. These fibres had diameters similar to those of standard thin 
PH1000 PEDOT:PSS fibres, as shown in Figure 115.  
100 µm 
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Figure 115 – Averaged fibre diameters for fibres wet spun from mixtures of 
aqueous birnessite dispersions and 2 wt.% PEDOT:PSS (PH1000) solutions. 
Fibres contain between 0 and 20 wt.% birnessite relative to the total mass of the 
fibre. Error bars represent one standard deviation from repeat measurements 
with n ≥ 10 fibre replicates. 
SEM images of the fibres showing the core and surface of each PEDOT:PSS-birnessite 
fibre variant, as well as raw birnessite nanotube powder, were obtained (Figure 116). No 
birnessite can be seen, which is attributed to the low levels of birnessite used, as well as 
good dispersion of the birnessite throughout the polymer matrix of the fibre. Qualitative 
comparison of these fibres with previous Clevios PH1000 PEDOT:PSS fibres show no 
notable difference in the core structure, or the break pattern of the fibre. This information 
suggests that the addition of the varying levels of birnessite has no dramatic effect on the 
physical properties of the fibre (which was further investigated by DMA testing). 
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Figure 116 – SEM images of fibres wet spun from mixtures of aqueous birnessite 
dispersions and 2 wt.% PEDOT:PSS (PH1000) solutions. Fibres contain 
between 5 wt.% birnessite (A), 9 wt.% (B), 13 wt.% (C) and 20 wt.% (D). Raw 
birnessite powder (41) (E). 
To confirm the presence of birnessite, EDX images were obtained of a 20 wt.% birnessite 
fibre, shown in Figure 117. The original grayscale image is shown, as well as elemental 
maps for carbon, oxygen and manganese. The presence of manganese can clearly be seen, 
at expectedly low levels, dispersed well throughout the entirety of the fibre’s diameter. 
This result helps to confirm that birnessite has been successfully dispersed within the 
PEDOT:PSS, and was contained within the fibres. 
A B 
C D 
10 µm 10 µm 
10 µm 10 µm 
10 µm 
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Figure 117 – SEM EDX elemental image maps showing grayscale image and 
element destitution for carbon, manganese and oxygen within a 20 wt.% 
PEDOT:PSS-Birnessite (PH1000) fibre. 
7.2.3.2 PEDOT:PSS-Birnessite Raman Spectroscopy 
Raman spectroscopy was employed to further investigate the presence of birnessite in these 
fibres. The resulting spectra are given in Figure 118. The left spectra show raw birnessite 
and a fibre of PH1000 PEDOT:PSS with no birnessite content, and the right shows fibres 
with 5, 9, 13 and 20 wt.% birnessite content respectively. A large peak is observed at 642 
cm-1 in the birnessite spectrum, attributed to the stretching of the MnO6 octahedra (216), 
while no peak is observed at this wavenumber in the spectrum of PEDOT:PSS. Comparing 
this with the spectra of PEDOT:PSS-birnessite containing fibres in the right image, the 
peak at 642 cm-1 confirms the incorporation of birnessite into these fibres. Due to the 
necessity to use a higher laser power (greater than 5 mW) when detecting birnessite than is 
optimal for use with PEDOT:PSS (1 mW or lower), the spectrum of the PEDOT:PSS 
component of the birnessite containing fibres is altered at these high laser powers, 
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attributed to the visible burning of the polymer. This change is not observed at lower laser 
powers, as demonstrated in the left-hand image of Figure 118.  
 
Figure 118 – Raman spectra for raw birnessite powder and B-5-1 at 1 and >5 
mW laser power (left), PEDOT:PSS-Birnessite (PH1000) fibres containing 
between 0 and 20 wt.% birnessite at >5 mW laser power (right).Obtained suing 
532 nm laser. 
7.2.3.3 PEDOT:PSS-Birnessite Electrochemical Properties 
Charge discharge measurements were performed on the birnessite-containing fibres at 0.5 
A g-1, with discharge times extracted from the upper 50 % of the discharge curve, and 
suggest that birnessite had been incorporated into the fibres, in a more homogenous 
manner than achieved previously in this work. Figure 119 shows example charge discharge 
curves for each fibre. It can be seen that all birnessite-containing fibres display greatly 
increased charge and discharge times than PHTU, with no birnessite content. All of the 
birnessite-containing fibres show very similar charge and discharge times, showing no 
notable difference in specific capacity between each birnessite loading. On addition, no 
apparent voltage jump is noticed on charging of the fibres, with only a negligible voltage 
drop occurring at the start of discharging. This result suggests that the decrease in electrical 
conductivity incurred due to the addition of birnessite is not enough to impact on the 
charging and discharging of the fibre system. 
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Figure 119 – Charge discharge profiles for fibres containing between 0 and 20 
wt.% birnessite relative to the total mass of the fibre. Measured at 0.5 A g-1 vs. 
Ag/AgCl electrode in 1 mol dm-3 sodium sulfate. 
Capacitance values were found to be higher the than fibres produced through bath 
sonication (shown previously), in the region of 180 F g-1 (Figure 120 left). RSD values 
between 10 and 20 % were found for these fibres, compared with up to 69 % for the bath 
sonicated fibres. This increase in capacitance is attributed predominantly to the birnessite 
material, but also to synergistic effects arising from the interactions between the 
conducting polymer and the birnessite. No increase in capacitance is fibres produced from 
dispersions with higher than 5 wt.% birnessite; this is believed to be caused by the low 
electrical conductivity of birnessite. If small, nano or micro-sized clusters of birnessite are 
present in the material; these may restrict efficient access to the birnessite mass in the core 
of the clusters. Although the aqueous suspensions produced were well dispersed, it is 
possible that during the mixing with PEDOT:PSS and coagulation stages that the 
dispersion underwent agglomeration, producing fibres with less than ideal birnessite 
distribution or content throughout the polymer.  
Figure 120 right shows capacity retention measurements performed by repeated cycling. It 
can be seen that the fibre displays excellent capacity retention, with 89 % retention after 
500 cycles. A decrease within the initial 50 cycles is observed, as is typical with birnessite-
based systems (41) (221), with no further retention loss after this.  
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Figure 120 – Averaged charge discharge capacitance for fibres containing 
between 0 and 20 wt.% birnessite relative to the total mass of the fibre. 
Measured at 0.5 A g-1 vs. Ag/AgCl electrode in 1 mol dm-3 sodium sulfate (left). 
Error bars represent one standard deviation from repeat measurements with n ≥ 
5 fibre replicates. 
Capacity retention measurements performed on a 5 wt.% birnessite fibre using 
the same parameters (right).  
As with fibres PHTU and PHTD5, a 5 wt.% birnessite fibre was also analysed via 
impedance spectroscopy. Nyquist plots for fibres PHTU, PHTD5, and 5 wt.% birnessite 
are shown in Figure 121. 
 
Figure 121 – Nyquist plots for fibres PHTU, PHTD5, and 5 wt.% Birnessite. 
Performed between 10 µHz - 100 KHz with a perturbation voltage of 10 mV vs. 
Ag/AgCl electrode. 
Values were again taken above the knee frequency for each fibre, and used to calculate the 
specific capacitance of each fibre. Values of 42, 54, and 222 F g-1 were obtained for fibres 
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PHTU, PHTD5, and 5 wt.% birnessite content respectively. These are shown compared 
against the same fibres analysed via charge discharge measurements (performed at 0.5 A g-
1) in Figure 122. As with fibres PHTU and PHTD5 presented previously, good agreement 
between both techniques is observed.  
 
Figure 122 – Comparison of specific capacitance values for fibres PHTU, 
PHTD5, and 5 wt.% birnessite using charge discharge (CCD) and impedance 
techniques. Measured at 0.5 A g-1 vs. Ag/AgCl electrode in 1 mol dm-3 sodium 
sulfate. Error bars represent one standard deviation from repeat measurements 
with n ≥ 5 replicates. 
CV was also performed on the fibres, to further examine their electrochemical 
performance. As observed in Figure 123, all fibres containing birnessite show an increase 
in the currents observed relative to fibres with no birnessite content. No notable difference 
in current is observed between fibres, corresponding to the capacitance values observed 
from charge discharge measurements. A trend away from the ideal rectangular capacitator 
shape was observed with increasing birnessite load, corresponding to the lower electrical 
conductivity found in these fibres. 
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Figure 123 – CV on fibres containing between 0 and 20 wt.% birnessite relative 
to the total mass of the fibre. Measured at 100 mV s-1 vs. Ag/AgCl electrode in 1 
mol dm-3 sodium sulfate. 
7.2.3.4 PEDOT:PSS-Birnessite Electrical Conductivity 
The conductivity of the fibres was measured, and comparisons are shown in Figure 124 
and summarised in Table 35. It can be seen that higher loadings of birnessite dramatically 
reduce the electrical conductivity of the fibres, which is to be expected when adding 
increasing loadings of an insulting material. The birnessite may disrupt the PEDOT 
nanocrystal matrix (58), thus lowering the conductivity between individual regions of the 
bulk material. Similar capacitance values were observed for all birnessite loadings, but 
lower loadings show less of a conductivity loss. Assumed loadings such as 5 wt.% 
birnessite therefore appear to be the most promising to obtain a balance of properties. The 
lower electrical conductivity of the fibres may also contribute to the lack of increase in 
capacitance observed for birnessite loadings above 5 wt.%. 
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Figure 124 – Electrical conductivity of fibres wet spun from mixtures of aqueous 
birnessite dispersions and 2 wt.% PEDOT:PSS (PH1000) solutions. Fibres 
contain between 0 and 20 wt.% birnessite relative to the total mass of the fibre. 
Error bars represent one standard deviation from repeat measurements with n ≥ 
5 fibre replicates. 
Fibre Birnessite Content 
(wt. %) 
0 
(PHTU) 
5 9 13 20 
Conductivity (S cm-1) 112 ± 18 117 ± 28 69 ± 21 24 ± 4 24 ± 4 
Table 35 - Electrical conductivity of fibres wet spun from mixtures of aqueous 
birnessite dispersions and 2 wt.% PEDOT:PSS (PH1000) solutions. Fibres 
contain between 0 and 20 wt.% birnessite relative to the total mass of the fibre. 
Error represents one standard deviation from repeat measurements with n ≥ 5 
fibre replicates. 
7.2.3.5 PEDOT:PSS-Birnessite Mechanical Properties  
Dynamical mechanical analysis of the fibres was performed to determine their physical 
strength. Figure 125 shows that a large decrease in mechanical strength occurs when 
birnessite is added to the fibre (details presented in Table 36). A sudden decrease is seen 
for mechanical strengths, compared to the gradual decrease seen for electrical conductivity, 
with 5 wt.% birnessite approximately halving the ultimate tensile strength of the fibre. 
However, the decrease plateaus at loadings higher than 5 wt.%, with no further decrease 
found, whereas electrical conductivity continues to decrease with higher loadings. The 
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addition of birnessite disrupts the polymer resulting in a lower tensile strength, 
independent of the mass loading used. 
 
Figure 125 – Averaged ultimate tensile strength for fibres wet spun from 
mixtures of aqueous birnessite dispersions and 2 wt.% PEDOT:PSS (PH1000) 
solutions. Fibres contain between 0 and 20 wt.% birnessite relative to the total 
mass of the fibre. Error bars represent one standard deviation from repeat 
measurements with n ≥ 5 fibre replicates. 
Averaged Young’s modulus values are presented in Table 36. Although a decrease was 
observed for tensile strength values, no measured decrease is observed in the Young’s 
modulus. All values are within the error of each other, although on average slightly lower 
than for PHTU fibres without birnessite. As such, no notable increase or decrease in 
stiffness is produced with the addition of birnessite. 
Fibre Birnessite  
Content (wt.%) 
0 
(PHTU) 
5 9 13 20 
Ultimate Tensile Strength 
(MPa) 
115 ± 21 61 ± 24 55 ± 24 49 ± 23 49 ± 29 
Young’s Modulus (MPa) 
2,900 
± 800 
2,700  
± 1,200 
2,100 
± 500 
2,500 
± 1,400 
2,600 
± 900 
Table 36 - Averaged ultimate tensile strength for fibres wet spun from mixtures 
of aqueous birnessite dispersions and 2 wt.% PEDOT:PSS (PH1000) solutions. 
Fibres contain between 0 and 20 wt.% birnessite relative to the total mass of the 
fibre. Error represents one standard deviation from repeat measurements with n 
≥ 5 fibre replicates. 
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7.2.3.6 PEDOT:PSS-Birnessite Thermogravimetric Analysis 
While the amounts of birnessite added to the dispersions were known, how well this was 
transferred to the fibres is not exactly known. Factors such as dispersion quality and 
stability could affect the amounts of birnessite that was incorporated in to the fibres. To 
analyse this, TGA was carried out in the same manner as previous fibres, and results are 
shown in Figure 126. 
While some difference is observed, no trend is apparent. Fibres containing 5 wt.% 
birnessite had the highest mass remaining, with almost 30 % remaining after all 
PEDOT:PSS material was lost. Other birnessite containing fibres were also found to have 
masses remaining well above 10 %. 7.9 % mass was found to remain for PHTU fibres, 
with 27.6 %, 15.2 %, 14.7 %, and 21.0 % mass remaining for 5 wt.%, 9 wt.%, 13 wt.%, 
and 20 wt.% birnessite fibres respectively. This result is suggestive of poor homogeneity 
within the fibres produced, causing variation in the amount of birnessite in each fibre.  
 
Figure 126 – TGA plots for PEDOT:PSS (PH1000) fibres containing 
between 0 and 20 wt.% birnessite nanotubes. Performed with 10 OC min-1 
ramp rate in air atmosphere. 
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7.3 Addition of Haydale Functionalised Carbon Nanomaterials 
From the earlier work described in this chapter, it was found that the most reliable method 
for incorporating hydrophilic nanomaterials into PEDOT:PSS fibres was to mix their 
aqueous dispersions with solutions of PEDOT:PSS. These solutions were then wet spun to 
produce fibres. 
7.3.1 Determination of Haydale Functionalised Carbon Nanomaterial Dispersion 
Limits 
Before spinning solutions could be prepared, it was necessary to determine the 
concentrations at which each of the four Haydale carbon nanomaterials could be 
successfully dispersed within water. Horn sonication was used to disperse varying 
concentrations of each nanomaterial, and the dispersions produced analysed via optical 
microscopy. 
0.5 wt.% dispersions of each nanomaterial were produced: at this concentration it was 
found that none of the four materials produced a suitable dispersion. Both FLG types 
produced dispersions which initially appeared of good quality, but quickly dropped out of 
dispersion, while both MWCNT types produced an undesirable thick paste. Examples of 
these are shown in Figure 127. 
 
Figure 127 – Aqueous dispersions after 1 h sonication, left to settle for 1 h. 0.5 
wt.% FLG-COOH (left) and 0.5 wt.% MWCNT-COOH (right). 
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Reducing the concentration of nanomaterial to 0.1 wt.% for each FLG material yielded 
stable dispersions suitable for use. No difference was observed between FLG-
COOH and FLG-NH2 materials.  
Figure 128 - Digital photograph (left) and optical microscope image (right) of 0.1 wt.% 
aqueous FLG-COOH dispersion after 1 h bath sonication and 24 h settling time. shows an 
example of a 0.1 wt.% dispersion of FLG-COOH, and optical microscopy of the 
dispersion.  
 
Figure 128 - Digital photograph (left) and optical microscope image (right) of 
0.1 wt.% aqueous FLG-COOH dispersion after 1 h bath sonication and 24 h 
settling time.  
It was found that no concentration between 0.01 and 0.5 wt.% of either MWCNT material 
produced dispersions. Sonication powers from 30 % up to 80 % and sonication times of up 
to 3 h showed no improvement on dispersing the materials. This is attributed to the higher 
degree of entanglement present in nanotubes, compared with graphene materials. It was 
decided not to use any surfactant or dispersing agent, as the use of these would negate any 
reason for originally using functionalised nanotubes. 
To produce fibres, varying amounts of each FLG dispersion (0.1 wt.%) were mixed with 2 
wt.% Clevios PH1000 PEDOT:PSS solution, in the same manner as was employed for 
Birnessite dispersions (section 7.2). Details of these FLG dispersions are given in Table 37, 
where PEDOT:PSS-C and PEDOT:PSS-N fibres refer to fibres containing FLG-COOH 
and FLG-NH2 dispersions respectively. As with previous fibres, the fibres in this section 
are named from the dispersion used to produce them. As such, the names may not directly 
represent the final loading levels of each material. 
100 µm 
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Fibre Name 
Final FLG Content (wt.%)  
(Relative to PEDOT:PSS) 
FLG-COOH Containing FLG-NH2 Containing 
1% C 1% N 0.99 
2% C 2% N 1.96 
3% C 3% N 2.91 
5% C 5% N 4.76 
Table 37 – Spinning solutions produced from PEDOT:PSS (PH1000) and 
Haydale FLG-COOH or FLG-NH2 dispersions at varying concentrations. 
 
7.3.2 PEDOT:PSS-FLG Physical Properties 
The diameters of the wet spun fibres were measured, and found to be 20 ± 3 µm, which is a 
similar value to the wet spun PEDOT:PSS fibres discussed in chapter 5, which were spun 
using the same parameters. Figure 129 shows the averages of these values. However, 
higher levels of variation within the diameters of these FLG-containing fibres were found. 
 162 
 
 
Figure 129 - Averaged fibre diameters for fibres wet spun from PEDOT:PSS 
(PH1000) mixed with varying amounts of FLG-COOH or FLG-NH2.  Error 
represents one standard deviation from repeat measurements with n ≥ 10 fibre 
replicates. 
7.3.3 PEDOT:PSS-FLG Raman Spectroscopy 
Raman spectra were obtained for FLG-COOH and FLG-NH2 raw powders, as well as for 
all variants of each fibre type produced. In the spectra of the raw powders (Figure 130), 
clear peaks can be seen at 1,340, 1,570, and 2,680 cm-1. These peaks correspond to the D, 
G and G’ bands respectively, of FLGs. The D and G band peaks are seen to overlap with 
peaks observed in the spectrum of PEDOT:PSS fibres (Figure 131 and Figure 132), thus 
not presenting a possibility for confirmation of incorporation of the nanomaterials in to the 
fibres by the presence of those peaks alone. The G’ band at 2,680 cm-1 does not overlap 
with any peaks in the spectrum of PEDOT:PSS, so can be used to confirm the presence of 
the FLGs in the fibres produced. 
Figure 131 and Figure 132 show Raman spectra for each fibre variant containing FLG-
COOH and FLG-NH2 respectively. Both sets of spectra were normalised around the 
PEDOT:PSS peak at 1,430 cm-1 for visual comparison. Comparing the intensity of the 
peaks at 1,340 and 1,570 cm-1 in both figures, shows an increase in intensity when the 
amount of nanomaterial in the fibre is increased. Peaks are also observed at 2,680 cm-1 in 
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both figures, arising from the G’ band of the FLG sheets in the fibres. These sets of peaks 
confirm the presence of the functionalised FLGs within the fibres. 
 
Figure 130 – Raman spectra of raw FLG-COOH and FLG-NH2 powders. 532 nm laser used. 
 
Figure 131 – Raman spectra of PEDOT:PSS (PH1000) fibres containing FLG-
COOH at varying amounts. 532 nm laser used. 
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Figure 132 - Raman spectra of PEDOT:PSS (PH1000) fibres containing FLG-
NH2 at varying amounts. 532 nm laser used. 
SEM images of each fibre type were obtained, and are shown in Figure 133 and Figure 
134. It can be seen that all fibre types have similar shapes, showing no physical 
differences, as well as not showing visible graphene sheets. It is not expected that the FLG 
sheets would be visible at these concentrations within the fibre, due to the low amounts 
present, coupled with their nano-scale size, and dispersion throughout the fibre.  
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Figure 133 – SEM images of PEDOT:PSS-FLG-COOH (PH1000) fibres 
containing 1 (A), 2 (B), 3 (C), and 5 (D) wt.% FLG-COOH. PHTU also shown 
(E). 
A B 
C D 
10 µm 10 µm 
10 µm 10 µm 
10 µm
E 
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Figure 134 – SEM images of PEDOT:PSS-FLG-NH2 (PH1000) fibres containing 
1 (A), 2 (B), 3 (C), and 5 (D) wt.% FLG-NH2. PHTU also shown (E). 
EDX images of select fibres were obtained, to confirm the presence of nitrogen within the 
fibres. As nitrogen is not present in the PEDOT or PSS components, any nitrogen found 
within the fibre must originate from the NH2 functionalised FLG sheets. Figure 135 shows 
the results of these EDX scans, the grayscale image as well as elemental maps for carbon, 
nitrogen and oxygen are shown. It can be seen that there is a low level of nitrogen detected 
throughout the fibre, not present in PEDOT:PSS-FLG-COOH fibres, confirming the 
presence of FLG-NH2 sheets dispersed through the fibre. 
 
D 
B A 
C 
10 µm 10 µm 
10 µm 10 µm 
10 µm
E 
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Figure 135 – EDX maps showing grayscale, carbon, oxygen and nitrogen 
content within a 5% N (PH1000) fibre. 
7.3.4 PEDOT:PSS-FLG Electrochemical Properties 
Analysis of these fibres’ electrochemical properties via CV is shown in Figure 136. It can 
be seen that the addition of the functionalised FLG materials has an effect on the overall 
voltammogram shape of each fibre, although currents remain unchanged. Fibres containing 
FLG-COOH and FLG-NH2 both show a change towards that of an ideal rectangle, with a 
larger effect found in the FLG-COOH containing fibres. This is suggestive of the 
nanomaterials enhancing the electrical conductivity of the fibres, or enabling more efficient 
mass transport within the system. Functionalisation of carbon nanomaterials has been 
shown to deteriorate their electrical and electrochemical properties, as such, reducing their 
contribution to fibre property enhancement (86) (222). Further investigation through 
electrical conductivity measurements and charge discharge analysis will further probe if 
the addition of these nanomaterials can convey useful properties to the fibres.  
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Figure 136 – CV of PEDOT:PSS (PH1000) fibres containing between 0 and 5 
wt.% FLG-COOH (top) and FLG-NH2 (bottom). Measured at 100 mV s-1 vs. 
Ag/AgCl electrode in 1 mol dm-3 sodium sulfate. 
Averaged charge discharge capacitance values are shown in Figure 137 (and summarised 
in Table 38) for both fibre variants, calculated from discharge times extracted from the 
gradient of the upper 50 % of the discharge curve. It can be seen that both fibre groups 
possess similar capacitance values, although neither are significantly higher than for fibres 
with no added nanomaterials (PHTU). Some increase is seen for specific fibres, however, 
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due to the level of variation of carbon nanomaterial incorporation within the fibres. The 
level of variation between fibres of the same type may be indicative of a non-perfect 
dispersion of the nanomaterials in the spinning solution. Although the FLGs were both 
found to disperse well at the concentrations used (0.1 wt.%) in water, during the mixing 
with PEDOT:PSS and spinning process it is possible that the nanomaterials may have 
aggregated, producing a lower quality dispersion. This would thus give rise to the higher 
levels of variation observed in results for these fibres. While the addition of nanomaterials 
such as graphenes can often increase the capacitance of a composite material (223-224), no 
evidence of increased capacity was found in CV, attributed to the functionalisation present 
on the nanomaterials.  
 
Figure 137 – Averaged charge discharge capacities of PEDOT:PSS (PH1000) 
fibres containing between 0 and 5 wt.% FLG-COOH and FLG-NH2 (Measured 
at 0.5 A g-1 vs. Ag/AgCl electrode in 1 mol dm-3 sodium sulfate). Error bars 
represent one standard deviation from repeat measurements with n ≥ 5 fibre 
replicates. 
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 Specific Capacitance (F g-1) 
Fibre Treatment FLG-COOH FLG-NH2 
PHTU 35 ± 1 
1 wt.% 44 ± 4 38 ± 10 
2 wt.% 41 ± 6 30 ± 11 
3 wt.% 37 ± 14 30 ± 8 
5 wt.% 41 ± 12 36 ± 5 
Table 38 - Averaged charge discharge capacities of PEDOT:PSS (PH1000) 
fibres extracted from the data in Figure 137. 
7.3.5 PEDOT:PSS-FLG Electrical Conductivity 
Analysis of the fibres’ electrical conductivity shows that the addition of the functionalised 
nanomaterials has a detrimental effect on the conductivity (shown in Figure 138 and Table 
39). This effect is less severe than that observed for birnessite addition, likely due to the 
higher electrical conductivity of the carbon nanomaterials, as well as the lower 
concentrations used (up to 5 wt.% for CNTs, and up to 20 wt.% for birnessite). While the 
addition of nanocarbons is often used to increase the conductivity of a material, this is 
typically done through incorporation of pristine nanocarbons. The functionalised graphenes 
used in this chapter have been shown not to improve electrochemical properties of the 
materials (section 7.3.4). Increasing levels of nanomaterials continue to lower the electrical 
conductivity of the fibres, showing no benefit to either conductivity or electrochemical 
properties. 
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Figure 138 – Averaged four-point electrical conductivities of PEDOT:PSS 
(PH1000) fibres containing between 0 and 5 wt.% FLG-COOH and FLG-NH2. 
Error bars represent one standard deviation from repeat measurements with n ≥ 
5 fibre replicates. 
 Electrical Conductivity (S cm-1) 
Fibre Treatment FLG-COOH  FLG-NH2 
PHTU 125 ± 11 
1 wt.% 90 ± 25 61 ± 13 
2 wt.% 77 ± 26 55 ± 26 
3 wt.% 74 ± 8 74 ± 8 
5 wt.% 42 ± 5 37 ± 12 
Table 39 – Averaged four-point electrical conductivities of PEDOT:PSS 
(PH1000) fibres containing between 0 and 5 wt.% FLG-COOH and FLG-NH2. 
Error represents one standard deviation from repeat measurements with n ≥ 5 
replicates. 
7.3.6 PEDOT:PSS-FLG Mechanical Properties 
Dynamic mechanical analysis was used to analyse the ultimate tensile strength values of 
these fibres with added FLGs. From the results in Figure 139 and Table 40, it can be seen 
that the addition of FLG with both amine and carboxylic acid functionality causes a 
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decrease in ultimate strength at all loadings. The individual values for all fibres within each 
functionalisation type are within the error of that group, therefore not allowing for any 
clear differentiation between different loadings. However, it can be concluded that the 
addition of these functionalised FLG nanomaterials does not present a means to improve 
the mechanical properties of the PEDOT:PSS fibres. 
 
Figure 139 – Averaged ultimate tensile strength values of PEDOT:PSS (PH1000) 
fibres containing between 0 and 5 wt.% FLG-COOH and FLG-NH2. Error bars 
represent one standard deviation from repeat measurements with n ≥ 3 replicates. 
Young’s modulus values for both sets of fibres are shown in Table 40. All values obtained 
are within the margin of error for each other, showing no clear difference or trend between 
functionalisation type or level of nanomaterial inclusion. As per the ultimate tensile 
strength results, it can be seen that this method of incorporating functionalised 
nanomaterials does not present a means to positively affect the tensile strength, or Young’s 
modulus of these fibres.  
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 Tensile Strength (MPa) Young’s Modulus (MPa) 
Fibre 
Treatment 
FLG-COOH FLG-NH2 FLG-COOH FLG-NH2 
PHTU 115 ± 21 2,900 ± 800 
1 wt.% 57 ± 11 100 ± 17 2,400 ± 700 2,500 ± 800 
2 wt.% 73 ± 22 93 ± 25 2,800 ± 700 3,300 ± 1,000 
3 wt.% 81 ± 17 77 ± 22 2,500 ± 1,000 3,100 ± 1,000 
5 wt.% 65 ± 20 90 ± 18 2,100 ± 500 2,500 ± 500 
Table 40 – Averaged ultimate tensile strength values of PEDOT:PSS (PH1000) fibres 
containing between 0 and 5 wt.% FLG-COOH and FLG-NH2. Error represents one 
standard deviation from repeat measurements with n ≥ 3 fibre replicates. 
7.3.7 PEDOT:PSS-FLG Thermogravimetric Analysis 
In the same manner as for Birnessite-containing fibres, Haydale nanomaterial fibres were 
analysed via TGA. Fibres from both types were individually analysed and compared 
(shown in Figure 140). It was found that no clear differentiation could be determined 
between each fibre loading, with no logical trend appearing. This is attributed to the very 
small proportion differences between the mass loadings of each fibre. Agglomeration 
occurring upon mixing nanomaterial dispersions with PEDOT:PSS prior to spinning would 
then inhomogeneity within the fibres, yielding differences in the amount of nanomaterial 
mass present. 
 
Figure 140 – TGA plots for PEDOT:PSS (PH1000) fibres containing between 1 
and 5 wt.% carboxylic functionalised FLGs. 
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7.4 Summary 
The work in this chapter has incorporated three different nanomaterials into PEDOT:PSS 
fibres and characterised their properties. It was found that all three nanomaterials could be 
incorporated into the fibres using a simple method involving aqueous nanomaterials 
dispersions, without the use of any additional surfactant or dispersing agent. 
The addition of birnessite nanotubes was found to greatly boost the specific capacitance of 
the fibre with values approaching 200 F g-1 achieved (increased from 35 F g-1 with no 
birnessite). A minor loss in electrical conductivity was observed in the 5 wt.% fibre, which 
was found to be the optimal mass loading for energy-related applications. Birnessite 
loadings above 5 wt.% were found to dramatically reduce the electrical conductivity of the 
fibres. It was determined that 5 wt.% loadings of birnessite presented the optimal addition 
to the fibres to enhance the specific capacitance, while having minimal detrimental effect 
on conductivity. Mechanical analysis found birnessite addition halved the mechanical 
strength values. The higher initial capacitance values obtained in this chapter, compared 
with those (of up to 160 F g-1) obtained for electrochemical MnO2 deposition in chapter 6 
bring them in line with similar published work discussed already  (102) (182) (191). A 
further advantage over the work discussed in chapter 6, again brining these results in line 
with published work, is the improved capacity retention. 
Functionalised FLG sheets were also incorporated into the fibres, through the same 
aqueous dispersion method. Although no extra surfactant was used, the functionalisation of 
the sheets produced results more typical of surfactant-assisted addition of nanomaterials 
than those of pristine nanomaterials. A small negative effect was observed in the fibre’s 
CV, with larger decreases noticed for electrical conductivity and charge storage capacity. 
No increase in mechanical strengths was observed. 
Overall, it was determined that addition of birnessite could produce fibres with high 
specific capacitance values, and high levels of capacity retention, while having minimal 
detrimental effect on other properties. The addition of functionalised FLGs did not 
improve the properties of the fibres. As such, functionalised FLGs do not present a viable 
means for improving the properties of this PEDOT:PSS fibre system.  
 175 
 
8 Flexible Fibre-Based Supercapacitor Device Production 
The preceding chapters of this thesis have described the development of fibres made from 
a range of materials with the aim of employing them in supercapacitor devices. It was 
decided that fibres produced from PEDOT:PSS (PH1000) containing 5 wt.% birnessite 
would be used to produce solid state supercapacitors. This fibre was chosen due to its high 
capacitance (200 F g-1). While this is not as high as was obtained for electrochemically 
deposited manganese dioxide layers (over 250 F g-1), PEDOT:PSS-birnessite fibres have 
higher capacity retention, retaining 90 % of their initial capacity after 500 cycles, while 
coated manganese electrodeposited fibres retained only 82 %. Birnessite-containing 
PEDOT:PSS fibres also have the benefit of being flexible, whereas coated fibres were 
found to be brittle. A comparison device using a fibre containing 1 wt.% of amine 
functionalised CNTs in place of birnessite was also produced. 
8.1 Device Fabrication 
Symmetric supercapacitor devices were produced by aligning two 5 wt.% PH1000 
PEDOT:PSS-birnessite or 1 wt.% PEDOT:PSS-FLG-NH2 fibres parallel to each other, and 
coating with an electrolyte gel containing 1 wt.% phosphoric acid with 1 wt.% PVA. This 
electrolyte is commonly used in several fibre-based devices previously reported (80) (109) 
(225), and as such served as a suitable electrolyte for comparison. The fibres were aligned 
on a hydrophobic paper backing, coated in electrolyte, before being dried at 50 oC for 1 h 
to dry the electrolyte. This resulted in a solid-state flexible fibre supercapacitor. 
These supercapacitor devices were labelled as described in Table 41. Figure 141 shows a 
schematic of such a device (top), and a picture of an example supercapacitor device 
(bottom). The two aligned fibres can be seen, connected to tweezers which were in turn 
connected to the potentiostats. A small piece of copper tape was used in such devices to 
ensure a good electrical connection was made. The devices were produced in varying 
Device Name Fibre 1 Fibre 2 Electrolyte 
PEDOT:PSS-Birn 
PEDOT:PSS with 5 
wt.% birnessite 
PEDOT:PSS with 5 
wt.% birnessite 
50:50 PVA:H3PO4 
PEDOT:PSS-FLG 
PEDOT:PSS with 1 
wt.% FLG-NH2 
PEDOT:PSS with 1 
wt.% FLG-NH2 
50:50 PVA:H3PO4 
Table 41 – Names and details of produced supercapacitor devices. 
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lengths and shape, and were typically produced in 5 cm or shorter lengths for testing 
purposes. 
 
Figure 141 – Schematic Example supercapacitor device. Two fibres are aligned 
parallel and coated in electrolyte on a flexible backing. Tweezers and copper 
plates allow connection of the fibres to the potentiostat. 
 
8.2 Cyclic Voltammetry 
CV was used to analyse the electrochemical properties of these devices, as well as to 
explore the voltage window in which the devices can be cycled. In this setup, one fibre was 
connected to the working electrode, with the other as counter and sense. As shown in the 
voltammograms in Figure 142, PEDOT:PSS-FLG and PEDOT:PSS-Birn devices show 
similar responses; square profiles approaching that of the ideal rectangle are seen at rates 
up to 25 mV s-1, with more angular shapes observed at faster rates. As expected, the 
birnessite-containing device shows higher currents than were observed for the FLG device, 
due to the extra capacitance arising from the inclusion of birnessite in the system. 
Anode fibre 
Cathode fibre 
Gel electrolyte 
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Figure 142 – CV of PEDOT:PSS-FLG (left), and PEDOT:PSS-Birn (right). 
Measured as a two electrode system at scan rates between 1 and 200 mV s-1. 
Figure 143 shows voltammograms performed at different voltage ranges for both 
supercapacitor devices. PEDOT:PSS-FLG was found to exhibit a stable response at voltage 
windows of up to 1.8 V; with deviation observed at higher voltages. PEDOT:PSS-Birn 
shows a stable response up to 1.5 V, with deviation observed any higher (226), attributed 
to the instability of birnessite at higher voltages. These results suggest that the devices can 
be employed at voltages higher than the typical ~1 V frequently used (80). This is 
attributed to the solid-state nature of the polymer gel electrolyte, and absence/limited 
amount of water in the dried gel electrolyte (80).  
 
Figure 143 – CV of PEDOT:PSS-FLG (left), and PEDOT:PSS-Birn (right). Measured 
as a two electrode system at 100 mV s-1 at maximum voltages between 0.8 and 2.0 V. 
8.3 Charge Discharge Cycling 
Cyclic charge discharge experiments were performed, to determine the charge storage 
capability of the supercapacitor devices. As with earlier voltammetry experiments in this 
chapter, the electrode was connected as a two electrode system. The specific capacitance 
was calculated using the combined mass of both electrodes, due to the two electrode setup 
employed. 
 178 
 
 
Figure 144 – Charge discharge profiles for PEDOT:PSS-FLG (left) and 
PEDOT:PSS-Birn (right). Measured as a two electrode system at 0.5 A g-1 at a 
range of maximum voltages. 
Charge discharge profiles for each supercapacitor are shown in Figure 144, performed at a 
range of maximum voltages (0.8 – 1.8 V). Based on the results of the CV experiments, the 
PEDOT:PSS-FLG device was cycled up to 1.8 V, whereas the PEDOT:PSS-Birn cycled to 
1.5 V. Both supercapacitors show typical capacitive CV profiles up to a charge voltage 
maximum of 1.5 V, however PEDOT:PSS-FLG shows a change in profile at 1.8 V 
suggesting hydrogen evolution in the gel electrolyte (226).  
Longer charge and discharge times are observed for the PEDOT:PSS-Birn supercapacitor, 
as expected due to the inherently higher specific capacitance of fibres containing birnessite 
than those containing FLG-FLG. Initial voltage jumps are observed upon charging, and 
discharging, for both devices. This is a product of the internal resistance of the devices 
(177), which had not been observed to this extent in analysis of the individual fibres due to 
the use of aqueous electrolytes in the three-electrode system. Voltage jumps in both 
systems are observed, and are similar to those observed in equivalent devices previously 
reported (227-228). 
8.3.1 Capacity and Retention 
Capacitance measurements were performed on both devices at 0.5 A g-1 between 0 and 0.8 
V. Values of 28 and 72 F g-1 were obtained for PEDOT:PSS-FLG and PEDOT:PSS-Birn 
devices respectively. For the PEDOT:PSS-Birn device this corresponds to a volumetric 
capacitance of 56 F cm-3, calculated using the total volume of both fibre electrodes.  This 
compares well with several similar fibres previously published (80), for example a MnO2 
nanowire with graphene fibre supercapacitor exhibited a volumetric capacitance of 66 F 
cm-3 (228), while a supercapacitor produced from wet spun PEDOT:PSS fibres had a 
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capacitance of 20 F cm-3 (229), however, this result is several times lower than some of the 
highest values reported (80), with maximum capacitance values of 179 F cm-3 reported for 
composites of CNTs infused with conducting polymer (230), and over 200 F cm-3 reported 
for devices produced from graphene/PVA composite fibres (231).  
The device energy was calculated using the following equation, considering only the mass 
of the active fibre material. Where Cs represents the specific capacitance of the device, 
calculated as a two-electrode system, and V is the voltage range over which the device was 
cycled. Through this method a device energy of 1.6 Wh kg-1 was determined, at 0.8 V, and 
5.6 Wh kg-1 at 1.5 V (the maximum usable voltage determined for the PEDOT:PSS-Birn 
device). This value is limited by the relatively low maximum voltage obtainable due to the 
electrolyte chosen, different electrolytes may allow higher voltages to be employed. The 
device power density was determined from the energy density and discharge time. Values 
of 41 and 144 W kg-1 were obtained at maximum charge voltages of 0.8 and 1.5 V 
respectively.  
 
Equation 10 - Device energy calculation for fibre supercapacitor (13). 
These value compares well with several similar devices; such as 5 Wh kg-1 with a power 
density of 14 W kg-1 for a carbon nanoparticle with MnO2 fibre-based device (227) and 5 
Wh kg-1 with a power density 24 W kg-1 for a PVA-graphene fibre device (231). However, 
this result is lower than any of the highest values achieved in literature; for example, a 
carbon nanotube-MnO2 fibre supercapacitor achieved energy density values of 42 Wh kg
-1, 
at a power density of 480 W kg-1  (211). 
1
8
𝐶𝑠𝑉
2 
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Figure 145 – Capacity retention for PEDOT:PSS-Birn and PEDOT:PSS-FLG 
supercapacitor device. Measured using cyclic charge discharge at 0.5 A g-1 
between 0.0 and 0.8 V as a two electrode system. 
Repeated cycling of these devices was performed, and is shown in Figure 145. High levels 
of capacity retention are observed for both devices. PEDOT:PSS-Birn shows an initial 
decrease in capacity from 82 to 66 F g-1, which is typical for birnessite materials (41). 
After this initial decrease the capacity is found to show no notable further decrease over 
the 1,000 cycle period, with a final capacity of 67 F g-1. The PEDOT:PSS-FLG 
supercapacitor also shows a stable capacitance during 1,000 cycles, similar to other carbon 
nanomaterial-PEDOT:PSS composite capacitor devices (232).  
The performance of the PEDOT:PSS-Birn supercapacitor was also measured at a range of 
current densities, between 0.3 and 10 A g-1. Figure 146 shows the results of this testing. 
The highest capacitance, 147 F g-1, was obtained at the lowest current density of 0.3 A g-1, 
decreasing to 5 F g-1 at 5 A g-1. Current densities above this could not be measured, as the 
device was unable to function at this level of current. A sharp decrease in capacitance was 
seen with increasing current densities. This decrease is similar to that of many devices 
previously reported (211) (227-228). This is believed to be a product of the internal 
resistance of the device, which will be increased due to the solid-state nature of the dried 
gel electrolyte employed. As such, mass transport within the electrolyte will be, compared 
with an aqueous solution, due to reduced ion mobility, as well as slower diffusion. 
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Figure 146 – Capacitance of the PEDOT:PSS-Birn supercapacitor at current 
densities between 0.3 and 10 A g-1. Measured using cyclic charge discharge 
between 0.0 and 0.8 V as a two electrode system. 
8.4 Device Properties 
To test the physical characteristics of the device produced, the PEDOT:PSS-Birn 
supercapacitor was subjected to bending and straightening during charge discharge cycles. 
Figure 147 shows images of a device before and during being bent. The device was 
repeatedly bent through 180 degrees before being returned to straight. The device was 
successfully put through 100 repeat bending/straightening cycles with no apparent physical 
damage. 
 
Figure 147 – Straight (left) and bent (right) images of a PEDOT:PSS-Birn 
supercapacitor device.  
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Charge discharge measurements were taken before, during, and after bending. No 
difference in storage capacity or profile was observed during any stage of this process, as 
demonstrated in Figure 148. No notable loss in physical capacitance was found after 100 
cycles, comparing well with devices previously reported (233-234). 
 
Figure 148 – Charge discharge plots for PEDOT:PSS-Birn supercapacitor 
showing before first bending, during 50th bending, and after 100 bending cycles 
were applied to the device. Measured as a two electrode system at 0.5 A g-1. 
8.5 Summary 
Fibre supercapacitor devices have been produced using fibres described in chapter 7 of this 
thesis. Two symmetric devices were presented in this chapter, one produced from fibres of 
Clevios PH1000 PEDOT:PSS combined with 5 wt.% birnessite nanotubes, and the second 
produced from fibres containing NH2 functionalised FLG sheets, to serve as a comparison 
device. The electrochemical properties of the devices produced were measured via CV at a 
range of scan rates and voltage windows. Charge discharge measurements were performed 
at current densities between 2 and 10 A g-1 and at varied voltage windows. The repeated 
charging cycle stability of each device was measured using charge discharge at a current of 
0.5 A g-1. 
As with analysis of the individual fibres in chapter 7, it was found that the PEDOT:PSS-
Birn supercapacitor presented higher capacitance values than the PEDOT:PSS-FLG 
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device. Specific capacitance values of 27.6 and 71.9 F g-1 were found for PEDOT:PSS-
FLG and PEDOT:PSS-Birn devices respectively. The PEDOT:PSS-FLG device showed no 
capacity degradation after 1,000 cycles, while the PEDOT:PSS-Birn device had an initial 
capacity loss of 7 % within the first 50 cycles, with no further loss occurring during 1,000 
cycles. Both devices were found to be compatible with voltage windows up to 1.5 V, with 
higher voltages beginning to deteriorate the devices. Physical bending of the devices 
showed no damage or change to the devices, with charge discharge capacitance values 
remaining unchanged during and after subjecting the devices to 100 bending/unbending 
cycles. 
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9 Conclusions and Future Work 
9.1 Conclusion of Results 
Fibre production by wet spinning and film scrolling methods were investigated. Fibres 
were developed from materials including insulating and conducting polymers, and 
incorporated nanomaterials including graphenes, carbon nanotubes (CNT), and manganese 
dioxide. The production of these fibres was optimised by determination of the optimal 
spinning solutions, coagulation conditions, post-treatment step(s), and combinations of 
materials. These fibres were characterised, leading to the production of functional, flexible, 
fibre-based supercapacitor devices.  
The use of a room temperature ionic liquid (RTIL) as a dispersant for carbon nanomaterials 
to produce spinning solutions was investigated. However, these did not yield fibres which 
were suitable for device production due to insufficient mechanical strength and 
electrochemical performance. The fibres produced from wet spinning of RTIL dispersions 
had electrical conductivities up to 31 S cm-1, and displayed rectangular cyclic voltammetry. 
However, these fibres did not possess the physical strength properties required to make the 
fibres suitable for the wearable applications, with ultimate tensile strength values between 
1 and 7 MPa. The fibres also had high levels of variation in all properties, with relative 
standard deviations (RSDs) over 100 %, arising from the poor dispersion quality achieved 
at the concentrations required to produce fibres.  
The production of multi-component fibres produced via scrolling polymer films was also 
investigated. These fibres were treated with sulfuric acid, formic acid, or dimethyl 
sulfoxide (DMSO), for durations between 5 and 120 min, to enhance their properties and 
allow them to be used in aqueous environments. The fibres produced were found to be 
stronger than those produced from RTILs, with ultimate tensile strengths up to 103 MPa. 
These strengths decreased after treatment, to a minimum value of 29 MPa after treatment 
with sulfuric acid. The DMSO treated fibres displayed electrical conductivities of up to 
130 S cm-1 and specific capacitance values between 1 and 2 F g-1 at 0.5 A g-1, although 
they showed angular cyclic voltammetry. Fibres treated with formic acid did not survive 
this treatment process, and fibres treated with DMSO could not be produced in lengths 
above 1 cm, due to fibre breakage during treatment. Treated fibres were found to be 
compatible with aqueous systems, without unscrolling during immersion.  
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Building on the use of conducting polymers in the scrolled film fibres, fibres were wet 
spun from the conducting polymer PEDOT:PSS, using Orgacon and Clevios PH1000 
suppliers. These fibres were treated with sulfuric acid, formic acid, and DMSO, for 
treatment times between 5 and 120 min. It was found that 5 min treatments were sufficient 
for all fibres, and treatments had the greatest effect on fibres with thinner diameters. 
DMSO treated fibres displayed the highest electrical conductivities, with values of 802 S 
cm-1. Rectangular cyclic voltammetry was obtained, with treated fibres displaying more 
rectangular results than untreated fibres. The highest charge discharge values, of up to 50 F 
g-1, were obtained for 5 min DMSO treated fibres, along with the highest ultimate tensile 
strength values of 145 MPa. Sulfuric acid treated fibres were found to exhibit tensile 
strength values reduced by an average of 51 % relative to untreated fibres; this was 
attributed to residual sulfate ions in the fibres. 5 min DMSO treated thin fibres spun from 
PH1000 PEDOT:PSS (PHTD5) were found to be the overall best performing fibres. 
To increase the specific capacitance of PHTD5 fibres, the incorporation of manganese 
oxides was investigated. Several methods of incorporating these oxides within or on 
PEDOT:PSS fibres were compared. It was found that chemical formation of the oxides 
within the fibre from potassium permanganate was not possible, due to degradation of the 
polymer. Electrodeposition from manganese(II) acetate was found to produce fibres with 
high initial capacities, up to 200 F g-1 at 0.5 A g-1. However, even with an additional 
protective coating layer of polypyrrole or PEDOT:PSS, these fibres were found to be 
brittle, as well as showing high capacity degradation on repeated cycling, with maximum 
capacity retention of 82 % after 500 cycles. This decrease was found to be continual 
throughout repeated cycling, with further decreases expected if more than 500 cycles were 
performed. 
Fibres that incorporated birnessite manganese dioxide, or functionalised few layer 
graphenes (FLGs) (COOH or NH2 functionalisation) were also produced. The addition of 
functionalised FLGs to PEDOT:PSS fibres was found not to improve any measured 
properties of the fibres. The optimal birnessite loading was determined to be 5 wt.% 
relative to PEDOT:PSS mass. These birnessite-containing fibres were found to have initial 
capacitance values of 180 F g-1 at 0.5 A g-1, decreasing to 89 % of this value within 500 
cycles, and showing no further loss up to a total of 500 cycles. Electrical conductivity and 
ultimate tensile strength values were measured at 117 S cm-1 and 61 MPa, decreased from 
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122 S cm-1 and 115 MPa for the equivalent fibres with no birnessite content (PHTU). 
Rectangular cyclic voltammetry was obtained for all loadings of birnessite, with higher 
loadings showing greater deviation from an ideal rectangle. 
From these fibres it was determined that wet spun PEDOT:PSS fibres containing 5 wt.% 
birnessite nanotubes presented the best overall fibre to produce a supercapacitor device. A 
symmetrical supercapacitor was produced using two of these fibres, using a PVA-H3PO4 
gel electrolyte. This capacitor was found to have an initial capacity of 72 F g-1 at 0.5 A g-1. 
Repeated cycling showed a decrease in capacitance to 66 F g-1 within 50 cycles, with no 
further loss occurring thereafter, up to 1,000 cycles. The device showed no mechanical 
degradation upon repeated bending/unbending cycles, and could be charged to 1.5 V. 
9.2 Avenues of Future Investigation 
Several avenues for future work building upon this thesis are possible. As an extension of 
the research conducted, a wider range of chemicals used to treat PEDOT:PSS fibres could 
be analysed. While three such chemicals have been studied in this work, many more (such 
as other organic and mineral acids, organic solvents, and metals) may have an effect on the 
properties of the fibres, and as such a superior treatment may be identified. Combined or 
successive treatments by multiple chemicals may prove beneficial. Following on from this, 
more detailed investigation in to the effect of diameter on the increase in properties 
observed post-treatment could be conducted. By performing one chemical treatment on a 
range of differing diameter fibres, the effect could be analysed relative to decreasing 
diameter of the fibres.  
Combining the effects of nanomaterial additions, such as that of birnessite, with DMSO 
treatments, as this was found to be the best treatment, should further boost the properties of 
the fibres developed. DMSO is an applicable treatment for this, as acids may degrade the 
manganese oxide (235). In this work fibres with nanomaterials were compared directly 
against those without nanomaterials, with no further post-treatment. The combination of 
these two procedures may yield a synergistic effect, allowing for a greater increase than 
that of each addition/treatment (236-237).  
The enhanced use of electrochemical impedance spectroscopy may enable greater insight 
in to the fibres and more specifically the devices produced. This technique has been used 
previously to measure properties of fibre materials, such as their specific capacitance 
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(238), potentially revealing more information than galvanostatic charge discharge 
measurements (239-241). Preliminary experiments were performed on several of the fibres 
produced in this work. Impedance spectra have been presented for PH1000 fibres PHTU 
(untreated) and PHTD5 (5 min DMSO treatment), as well as a PH1000 fibres containing 5 
wt.% birnessite. It is observed that the values obtained through impedance and charge 
discharge methods are in excellent agreement with each other, showing highly similar 
values for all three fibre types. The further use of impedance spectroscopy may also allow 
for greater information to be obtained on supercapacitor devices produced, to further 
optimise their development. Due to the increased complexity of the devices relative to 
single fibres, impedance measurements are likely to yield more information over charge 
discharge measurements.  
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10 Appendix Items 
10.1 List of conferences/events attended, prizes, awards, and grants 
 2014 Surrey Postgraduate Research Conference 
o Presented poster presentation 
 2014 Cheltenham Science Festival  
o Awarded full cost bursary award to attend - £500 
 2015 Royal Society of Chemistry energy materials division young member’s 
symposium – Derby UK 
o 3rd place poster presentation prize  
o Awarded Royal Society of Chemistry travel grant - £300 
 2015 Surrey PGR conference  
o 2nd place judge’s oral presentation award  
o 2nd place people’s choice oral presentation award  
 2015 Electrochem Conference – Durham UK 
o Presented oral presentation  
 2015 Fibre Society Fall Conference – North Carolina USA 
o Presented oral presentation  
o Awarded Royal Society of Chemistry travel grant - £600 
 2016 Surrey PGR Conference 
o Presented oral presentation 
 
  
 189 
 
11 Bibliography 
1. D.C.Jones. The role of wearable electronics in meeting the needs of the active ageing 
population. Textile-Led Design for the Active Ageing Population. s.l. : Woodhead 
Publishing, 2015, pp. 173-183. 
2. Development of a wearable electrochemical sensor for voltammetric determination of 
chloride ions. J.Bujes-Garrido, M.J.Arcos-Martinez. 2017, Sensors and Actuators B: 
Chemical, Vol. 240, pp. 224-228. 
3. Wearable thermoelectric generators for human body heat harvesting. M.Hyland, 
H.Hunter, J.Liu, E.Veety, D.Vashaee. 2016, Applied Energy, Vol. 182, pp. 518-524. 
4. X.Zhu, W.Liu, S.Shuang, M.Nair, C.Z.Li. 6 – Intelligent tattoos, patches, and other 
wearable biosensors. Medical Biosensors for Point of Care (POC) Applications. s.l. : 
Woodhead Publishing, 2017, pp. 133-150. 
5. Flexible fiber energy storage and integrated devices: recent progress and perspectives. 
X.Wang, K.Jiang, G.Shen. 2015, Materials Today, Vol. 18, pp. 365-372. 
6. N.Kularatna. Energy Storage Devices for Electronic Systems. s.l. : Academic Press, 
2015. 
7. Optimizing energy storage devices using Ragone plots. T.Christen, C.Ohler. 2002, 
Journal of Power Sources, Vol. 110, pp. 107-116. 
8. Analogical understanding of the Ragone plot and a new categorization of energy 
devices. S.C.Lee, W.Y.Jung. 2016, Energy Procedia, Vol. 88, pp. 526-530. 
9. Wearable fiber-shaped energy conversion and storage devices based on aligned carbon 
nanotubes. T.Lv, Y.Yao, N.Li, T.Chen. 2016, Nano Today, Vol. 11, pp. 644-660. 
10. A wearable energy harvester unit using piezoelectric–electromagnetic hybrid 
technique. R.Hamid, M.R.Yuce. 2017, Sensors and Actuators A: Physical, Vol. 257, pp. 
198-207. 
11. Best practice methods for determining an electrode material’s performance for 
ultracapacitors. M.D.Stoller, R.S.Ruoff. 2010, Energy & Environmental Science, Vol. 3, 
pp. 1294-1301. 
 190 
 
12. Polyaniline- and poly(ethylenedioxythiophene)-cellulose nanocomposite electrodes for 
supercapacitors. S.Y.Liew, W.Thielemans, D.A.Walsh. 2014, Journal of Solid State 
Electrochemistry, Vol. 18, pp. 3307-3315. 
13. Bridging the performance gap between electric double-layer capacitors and batteries 
with high-energy/high-power carbon nanotube-based electrodes. H.M.Coromina, 
B.Adeniran, R.Mokoya, D.A.Walsh. 2016, Materials Chemistry A, Vol. 4, pp. 14586-
14594. 
14. Activated carbon derived from marine Posidonia Oceanica for electric energy storage. 
N.Boukmouche, N.Azzouz, L.Bouchama, J.P.Chopart, Y.Bouznit. 2014, Arabian 
Journal of Chemistry, Vol. 7, pp. 347-354. 
15. The role and utilization of pseudocapacitance for energy storage by supercapacitors. 
B.E.Conway, V.Birss, J.Wojtowicz. 1997, Journal of Power Sources, Vol. 66, pp. 1-14. 
16. Y.Zhang, H.Wu, L.Cheng, W.Yuan. Chapter 10 - Carbon Nanotubes for 
Electrochemical Capacitors. Industrial Applications of Carbon Nanotubes. s.l. : Elsevier, 
2017, pp. 277-321. 
17. Investigation of double-layer and pseudocapacitance of surface-modified ionic liquid-
functionalized graphene oxide. O.Movil, C.Schadeck, J.A.Staser. 2015, Journal of 
Electroanalytical Chemistry, Vol. 755, pp. 127-135. 
18. S.C.Ray. Chapter 1 - Application and Uses of Graphene. Applications of Graphene 
and Graphene-Oxide Based Nanomaterials. s.l. : Andrew William, 2015, pp. 1-38. 
19. Electric Field Effect in Atomically Thin Carbon Films. K.S.Novoselov, A.K.Geim, 
S.V.Morozov, D.Jiang, S.V.Dubonos, I.V.Grigorieva, A.A.Firsov. 2004, Science, Vol. 
306, pp. 666-669. 
20. S.C.Ray. Chapter 1 - Application and Uses of Graphene. Applications of Graphene 
and Graphene-Oxide Based Nanomaterials. s.l. : William Andrew, 2015, pp. 1-38. 
21. Graphene: The cutting–edge interaction between chemistry and electrochemistry. 
A.Martín, A.Escarpa. 2014, Trends in Analytical Chemistry, Vol. 56, pp. 13-26. 
22. Graphene and its composites with nanoparticles for electrochemical energy 
applications. Q.Li, N.Mahmood, J.Zhu, Y.Hou, S.Sun. 2014, Nano Today, Vol. 9, pp. 
668-683. 
 191 
 
23. Review of functionalization, structure and properties of graphene/polymer composite 
fibers. X.Ji, Y.Xu, W.Zhang, L.Cui, J.LI. 2016, Composites Part A: Applied Science and 
Manufacturing, Vol. 87, pp. 29-45. 
24. A manufacturing perspective on graphene dispersions. D.W.Johnson, B.P.Dobson, 
K.S.Coleman. 2015, Current Opinion in Colloid and Interfact Science, Vol. 20, pp. 367-
382. 
25. Structural rearrangement and dispersion of functionalized graphene sheets in aqueous 
solutions. Y.J.Lee, L.Huang, H.Wang, M.L.Sushko, B.Schwenzer, I.A.Aksay, J.Liu. 
2015, Colloids and Interface Science Communications, Vol. 8, pp. 1-5. 
26. Electrical property enhancement of carbon nanotube fibers from post treatments. 
P.Liu, D.C.M.Hu, T.Q.Tran, D.Jewell, H.M.Duong. 2016, Colloids and Surfaces A: 
Physicochemical and Engineering Aspects, Vol. 509, pp. 384-389. 
27. A comparison between the mechanical and thermal properties of single-walled carbon 
annotubes and boron nitride nanotubes. T.Li, Z.Tang, Z.Huang, J.Yu. 2017, Physica E, 
Vol. 85, pp. 137-142. 
28. Thermal Conductivity of Individual Single-Wall Carbon Nanotubes. J.R.Lukes, 
H.Zhong. 2007, Journal of Heat Transfer, Vol. 129, pp. 705-716. 
29. Carbon nanotubes as adsorbents in environmental pollution management: A Review. 
X.Ren, C.Chena, M.Nagatsu, X.Wang. 2011, Chemical Engineering Journal, Vol. 170, 
pp. 395-410. 
30. Exploiting high qualiy PEDOT:PSS-SWNT composite formulations for wet-spinning 
multifunctional fibers. R.Jalili, J.M.Razal, G.G.Wallace. 2012, Journal of Materials 
Chemistry, Vol. 22, pp. 25174-25182. 
31. Strong, Light, Multifunctional Fibers of Carbon Nanotubes with Ultrahigh 
Conductivity. N.Behabtu, C.C.Young, D.E.Tsentalovich, O.Kleinerman, X.Wang. 
2013, Science, Vol. 339, pp. 179-186. 
32. Manganese dioxides as rechargeable magnesium battery cathode; synthetic approach 
to understand magnesiation process. R.Zhang, T.S.Arthur, C.Ling, F.Mizuno. 2015, 
Journal of Power Sources, Vol. 282, pp. 630-638. 
 192 
 
33. Progress in research on manganese dioxide electrode materials for electrochemical 
capacitors. L.Si-Heng, L.Qing-He, Q.Li, L.Lu-Hui, W.Hong-Yu. 2015, Chinese Journal 
of Analytical Chemistry, Vol. 40, pp. 339-346. 
34. Manganese dioxide — a review of a battery chemical Part II. Solid state and 
electrochemical properties of manganese dioxides. D.D.Desai, J.B.Fernandes, 
V.N.Kamat Dalal. 1985, Journal of Power Sources, Vol. 16, pp. 1-43. 
35. Progress in Research on Manganese Dioxide Electrode Materials for Electrochemical 
Capacitors. S.Li, Q.Liu, L.Qi, L.Lu, H.Wang. 2012, Chinese Journal of Analytical 
Chemistry, Vol. 40, pp. 339-346. 
36. Discharge mechanism of the heat treated electrolytic manganese dioxide cathode in a 
primary Li/MnO2 battery: An in-situ and ex-situ synchrotron x-ray diffraction study. 
W.M.Dose, N.Sharma, S.W.Donne. 2014, Journal of Power Sources, Vol. 258, pp. 155-
163. 
37. Electrode reactions of manganese oxides for secondary lithium batteries. X.Feng, 
X.Lu, X.Guo, Y.Mao, Y.Hu, J.Wang, Z.Wang, F.Wu, H.Liu, L.Chen. 2010, 
Electrochemistry Communications, Vol. 12, pp. 1520-1523. 
38. Electrochemical behavior of manganese oxides on flexible substrates for thin film 
supercapacitors. R.Abdur, K.Kim, J.Kim, J.Lee. 2015, Electrochimica Acta, Vol. 153, 
pp. 184-189. 
39. The production of manganese dioxide from manganese ores of some deposits of the 
Siberian region of Russia. A.G.Khomogorov, A.M.Zhyzhaev, U.S.Kononov, 
G.A.Moiseeva, G.L.Pashklov. 2000, Hydrometallurgy, Vol. 56, pp. 1-11. 
40. Electrolytic manganese dioxide (EMD): a perspective on worldwide production, 
reserves and its role in electrochemistry. A.Biswal, B.C.Tripathy, K.Sanjay, 
T.Subbaiah, M.Minakshi. 2015, RSC Advances, Vol. 5, pp. 58255-58283. 
41. Birnessite nanotubes for electrochemical supercapacitor electrodes. A.J.Roberts, 
R.C. T.Slade. 2011, Energy and Environmental Science, Vol. 4, pp. 2813-2817. 
42. Preparation, characterization and adsorption performance of cetyltrimethylammonium 
modified birnessite. N.Wang, S.Lo. 2014, Applied Surface Science, Vol. 299, pp. 123-130. 
43. Sol-Gel Synthesis of Layered Birnessite-Type Manganese Oxides. S.Ching, 
D.J.Petrovay, M.L.Jorgensen. 1997, Inorganic Chemistry, Vol. 36, pp. 883-890. 
 193 
 
44. Synthesis, Characterization, and Electrochemical Properties of Magnesium Birnessite 
and Zinc Chalcophanite Prepared by a Low-Temperature Route. B.J. Aronson, A.K. 
Kinser, S. Passerini, W.H. Smyrl, A. Stein. 1999, Chemistry of Materials, Vol. 11, pp. 
949-957. 
45. Manganese oxide porous crystals. Q. Feng, H. Kanoh, K. Ooi. 1999, Journal of 
Materials Chemistry, Vol. 9, pp. 319-333. 
46. Nanostructured oxides for energy storage applications in batteries and 
supercapacitors. A.Chandra, A.J.Roberts, E.L.H.Yee, R.C.T.Slade. 2009, Pure Allied 
Chemistry, Vol. 81, pp. 1489-1498. 
47. Effect of Si nanostructures on PEDOT:PSS Si hybrid solar cells. P.Jung, Y.D.Kim, 
H.Choi, J.Kim, H.Lee. 2016, Thin Solid Films, Vol. 616, pp. 335-338. 
48. DNA sensor based on vapour polymerised pedot films functionalised with gold 
nanoparticles. E.Spain, T.E.Keyes, R.J.Foster. 2013, Biosensors and Bioelectronics, Vol. 
41, pp. 65-70. 
49. Synthesis of electrically conducting organic polymers: halogen derivatives of 
polyacetylene, (CH)x. H.Shirakawa, E.J.Louis, A.G.MacDiarmid, C.K.Chiang, 
A.J.Heeger. 1977, Journal of the Chemical Society, Chemical Communications, Vol. 16, 
pp. 578-580. 
50. Conductive polymers: Towards a smart biomaterial for tissue. R.Balint, N.J.Cassidy, 
S.H.Cartmell. 2014, Acta Biomaterialia, Vol. 10, pp. 2342-2353. 
51. Enhanced electrical conductivity and relaibility for flexible copper thin-film electrode 
by introducing aluminion buffer layer. S.Yin, W.Zhu, Y.Deng, Y.Peng, S.Shen, Y.Tu. 
2017, Materials and Design, Vol. 116, pp. 524-530. 
52. Developments in conducting polymer based counter electrodes for dye-sensitized solar 
cells – An overview. K.Saranya, Md.Ramez, A.Subramania. 2015, European Polymer 
Journal, Vol. 66, pp. 207-227. 
53. Polyacetylene, (CH)x: n-type and p-type doping and compensation. C.K.Chiang, 
S.C.Gau, C.R,Fincher, Y.W.Parl, A.G,MacDiarmid, A.J.Heeger. 1978, Applied 
Physics Letters, Vol. 33, pp. 18-20. 
 194 
 
54. Supercapacitive composite metal oxide electrodes formed with carbon, metal oxides 
and conducting polymers. V.C.Lokhande, A.C.Lokhande, C.D.Lokhande, J.H.Kim, 
T.Ji. 2016, Journal of Alloys and Compounds, Vol. 682, pp. 381-403. 
55. 3,4-polyethylenedioxythiophene (PEDT): Conductive coatings technical applications 
and properties. F.Jonas, J.T.Morrison. 1997, Synthetic Metals, Vol. 85, pp. 1397-1398. 
56. Electrochemistry of conducting polypyrrole films. A.F.Diaz, J.I.Castillo, J.A.Logan, 
W.Lee. 1981, Journal of Electroanalytical Chemistry and Interfacial Electrochemistry, 
Vol. 129, pp. 115-132. 
57. CP-MAS 13C-NMR study of the degradation of polyacetylene in air. J.Sohma, 
M.Tabata. 1987, Polymer Degradation and Stability, Vol. 17, pp. 5-12. 
58. PEDOT Nanocrystal in Highly Conductive PEDOT:PSS Polymer Films. T.Takano, 
H.Masunga, A. Furiwara, H.Okuzaki, T. Sasaki. 2012, Macromolecules, Vol. 45, pp. 
3859-3865. 
59. Solution-Processed PEDOT:PSS Films with Conductivities as Indium Tin oxide 
through a Treatment with Mild and Weak Organic Acids. J.Ouyand. 2013, ACS Applied 
Materials and Interfaces, Vol. 5, pp. 13082-13088. 
60. Solution-Processed Metallic Conducting Polymer Films as Transparent Electrode of 
Optoelectronic Devices. Y.Xia, K.Sun, J.Ouyang. 2012, Advanced Materials, Vol. 24, pp. 
2436-2240. 
61. Vacuum vapour phase polymerization of high conductivity PEDOT: Role Vacuum 
vapour phase polymerization of high conductivity PEDOT: Role. M.Mueller, M.Fabretto, 
D.Evans, P.Hojati-Talemi, C.Gruber, P.Murphy. 2012, Polymer, Vol. 53, pp. 2146-
2151. 
62. Semi-Metallic, strong and stretchable wet-spun conjugated polymer microfibers. 
J.Zhou, E.Q.Li, R.Li, X.Xu, I.A.Ventura, A.Moussawi, D.H.Anjum, M.N.Hedhili, 
D.M.Smilgies, G.Lubineau, S.T.Thoroddsen. 2015, Journal of Materials Chemistry C, 
Vol. 3, pp. 2528-2538. 
63. Effect of dimethyl sulfoxide on the electrical properties of PEDOT:PSS/n-Si 
heterojunction diodes. C.S.Pathak, J.P.Singh, R.Singh. 2015, Current Applied Physics, 
Vol. 15, pp. 528-534. 
 195 
 
64. The measurement of specific capacitances of conducting polymers. G.A.Snook, 
G.Z.Chen. 2008, Journal of Electroanalytical Chemistry, Vol. 612, pp. 140-146. 
65. Capacitance properties of poly(3,4-ethylenedioxythiophhene)/carbon nanotubes 
composites. K.Lota, V.Khomenko, E.Frackowiak. 2004, Journal of Physics and 
Chemistry of Solids, Vol. 65, pp. 295-301. 
66. Electrochemically Active Polymers for Rechargeable Batteries. P.Novak, K.Muller, 
K.S.V.Santhanam, O.Haas. 1997, Chemical Reviews, Vol. 97, pp. 207-281. 
67. Enchanced electrochemical performance of polyaniline/carbon/titanium nitride 
nanowire array for flexible supercapacitor. Y.Xie, C.Xia, H.Du, W.Wang. 2015, Journal 
of Power Sources, Vol. 286, pp. 561-570. 
68. Progress in preparation, processing and applications of polyaniline. S.Bhadra, 
D.Khasgir, N.K.Singha, J.H.Lee. 2009, Progress in Polymer Science, Vol. 34, pp. 783-
810. 
69. PEDOT nanocrystal in highly conductive PEDOT:PSS polymer films. T. Takano, 
H.Masunaga, A.Fujiwara, H.Okuzaki, T.Sasaki. 2012, Macromolecules, Vol. 45, pp. 
3859-3865. 
70. B.Opziek, H.Karakas. 9 - Wet spinning of synthetic polymer fibers. Advances in 
Filament Yarn Spinning of Textiles and Polymers. s.l. : Woodhead Publishing, 2014, pp. 
174-186. 
71. Wet spinning of fibers made of chitosan and chitin nanofibrils. V.E.Yudin, 
I.P.Dobrovolskaya, I.M.Neelov, E.N.Dresvyanina, P.V.Popryadukhin, E.M.Ivan'kova, 
V.Y.Elokhovskii, I.A.Kasatkin, B.M.Okrugin, P.Morganti. 2014, Carbohydrate 
Polymers, Vol. 8, pp. 176-182. 
72. Novel aliphatic polyketone fiber by a wet-spinning method using aqueous composite 
metal salt solutions. T.Morita, R.Taniguchi, T.Matsuo, J.Kato. 2004, Journal of Applied 
Polymer Science, Vol. 92. 
73. Q.Q.Ni, X.D.Jin, H.Xia, F.Liu. 7 – Electrospinning, processing and characterization 
of polymer-based nano-composite fibers. Advances in Filament Yarn Spinning of Textiles 
and Polymers. s.l. : Woodhead Publishing, 2014, pp. 128-148. 
74. One-step wet-spinning process of poly(3,4-
ehylenedioxythiophene):Poly(styrenesulfonate) fibers and the origin of higher electrical 
 196 
 
conductivity. R.Jalili, J.M.Razal, Peter.C.Innis, G.G.Wallace. 2011, Advanced 
Functional Materials, Vol. 21, pp. 3363-3370. 
75. Wet-spinning of PEDOT:PSS/Functionalized-SWNTs Composite: a Facile Route 
Toward Production of Strong and Highly Conducting Multifunctional Fibers. R.Jalili, 
J.M.Razal, G.G. Wallace. 2013, Scientific Reports, Vol. 3, pp. 3438-3445. 
76. Fabrication of κ-carrageenan fibers by wet spinning: Addition of ι-carrageenan. 
L.Kong, G.R.Ziegler. 2013, Food Hydrocolloids, Vol. 30, pp. 302-306. 
77. Enhanced mechanical properties of novel chitosan nanocomposite fibers. J.Chen, 
L.S.Loo, K.Wang. 2011, Carbohydrate Polymers, Vol. 86, pp. 1151-1156. 
78. Spinning and characterisation of conducting microfibers. H. Okuzaki, M.Ishihara. 
2003, Macromolecular Rapid Communications, Vol. 24, pp. 261-264. 
79. Strong, Light, Multifunctional Fibers of Carbon Nanotubes with Ultrahigh 
Conductivity. N.Behabtu, C.C.Young, D.E.Tsentalovich, O.Kleinerman, X.Wang, 
A.W.K.Ma, E.A.Bengio, R.F.T.Waarbeek, J.J.de. Jong, R.E.Hoogerwerf, 
S.B.Fairchild, J.B.Ferguson, B.Maruyama, J.Kono, Y.Talmon, Y.Cohen, M.J.Otto, 
M.Pasquali. 2013, Science Reports, Vol. 339, pp. 182-186. 
80. Emergence of fiber supercapacitors. D.Yu, Q.Qian, Li.Wei, W.Jiang, K.Goh, J.Wei, 
J.Zhang, Y.Chen. 2015, Chemical Society Reviews, Vol. 44, pp. 647-662. 
81. Fiber-based tissue engineering: Progress, challenges, and opportunities. A.Tamayol, 
M.Akbari, N.Annabi, A.Paul, A.Khademhosseini, D.Juncker. 2013, Biotechnology 
Advances, Vol. 31, pp. 669-687. 
82. Continuous carbon nanotube composite fibers: properties, potential applications, and 
problemsd. A.Dalton, S.Collins, J.Razal, E.Munoz, V.H.Ebron, B.G.Kim, 
J.N.Coleman, J.P.Ferraris, R.H.Baughman. 2004, Journal of Material Chemistry, Vol. 
14, pp. 1-3. 
83. A.Rawal, S.Mukhopadhyay. 4 - Melt spinning of synthetic polymeric filaments. 
Advances in Filament Yarn Spinning of Textiles and Polymers. s.l. : Woodhead Publishing, 
2014, pp. 75-99. 
84. Y.Imura, R.M.C.Hogan, M.Jaffe. 10 – Dry spinning of synthetic polymer fibers. 
Advances in Filament Yarn Spinning of Textiles and Polymers. s.l. : Woodhead Publishing, 
2014, pp. 187–202. 
 197 
 
85. M.Najafi, L.Nasri, R.Kotek. 9 - High-performance nylon fibers. Structure and 
Properties of High-Performance Fibers. s.l. : Woodhead Publishing, 2017, pp. 199-244. 
86. Super-stretchable Graphene Oxide Macroscoped Fibers with Outstanding Knotability 
Fabricated by Dry Film Scrolling. R.Cruz-Silva, A.Morelos-Gomez, H.Kim, H.Jang, F. 
Tristan, S.Vega-Diaz, L.P.Rajukumar, A.L.Elias, N.Perea-Lopez, J.Suhr, M.Endo, 
M.Terrones. 2014, ACS Nano, Vol. 8, pp. 5959-5967. 
87. Super-Stretchable Spring-Like Carbon Nanotube Ropes. Y.Shang, X.He, Y.Li, 
L.Zhang, Z.Li, C.Ji, E.Shi, P.Li, K.Zhu, Q.Peng, C.Wang, X.Zhang, R.Wang, J.Wei, 
K.Wang, H.Zhu, D.Wu, A.Cao. 2012, Advanced Materials, Vol. 24, pp. 2896-2900. 
88. Spinnable carbon nanotube forests grown on thin, flexible metallic substrates. 
X.Lepro, M.D.Lima, R.H.Baughman. 2010, Carbon, Vol. 48, pp. 3621-3627. 
89. Multifunctional Carbon Nanotube Yarns by Downsizing an Ancient Technology. 
M.Zhang, K.R.Atkinson, R.H.Baughman. 2004, Science, Vol. 306, pp. 1358-1361. 
90. Production of polypyrrole fibres by wet spinning. G.G.Wallace, P.G.Whitten. 2008, 
Synthetic Metals, Vol. 158, pp. 104-107. 
91. Effect of synthesis conditions on the properties of wet spun polypyrrole fibres. 
J.Foroughi, G.M.Spinks, G.G.Wallace. 2009, Synthetic Metals, Vol. 159, pp. 1837-
1843. 
92. Wet spinning of pre-doped polyaniline into an aqueous solution of polyelectrolyte. 
F.Zhang, P.A.Halverson, B.Lunt, M.R.Linford. 2006, Synthetic Metals, Vol. 156, pp. 
932-937. 
93. Preparation of pseudocapacitor electrodes via electrodeposition of polyaniline on 
nonwoven carbon fiber fabrics. J.D.Leary, F.Hamouda, B.Maze, B.Pourdeyimi. 2016, 
Journal of Applied Polymer Science, Vol. 133, pp. 43315-43323. 
94. Nanomaterials for Functional Textiles and Fibers. P.J.Rivero, A.Urrutia, 
J.Goicoechea, F.J.Arregui. 2015, Nonscale Research Letters, Vol. 10. 
95. Macroscopic Fibers and Ribbons of Oriented Carbon Nanotubes. B.Vigolo, 
A.Penicaud, C.Coulon, C.Sauder, R.Pailler, C.Journet, P.Bernier, P.Poulin. 2000, 
Science Reports, Vol. 290, pp. 1131-1134. 
 198 
 
96. Carbon-Nanotube Biofiber Microelectrodes. C.Lynam, W.Grosse, G.G.Wallace. 
2009, Journal of The Electrochemical Society, Vol. 156, pp. 117-121. 
97. Redox Exchange Induced MnO2 Nanoparticle Enrichment in Poly(3,4-
ethylenedioxythiophene) Nanowires for Electrochemical Energy Storage. R.Liu, J.Duay, 
S.B.Lee. 2010, ACS Nano, Vol. 4, pp. 4299-4307. 
98. Synthesis ofhighly flexibleandlight-weightmanganeseoxide/carbon fiber cloth electrode 
for electrochemical capacitor. H.Z.Chi, G.Zhang, L.Gao, K.Su, Z.Ji. 2013, Materials 
Letters, Vol. 106, pp. 197-199. 
99. Direct growth of MnO2 on carbon fiber cloth for electrochemical capacitor. H.Z.Chi, 
S.Tian, X.Hu, H.Qin, J.Xi. 2014, Journal of Alloys and Compounds, Vol. 587, pp. 354-
360. 
100. Facile preparation of polyaniline/MnO2 nanofibers and its electrochemical 
application in the simultaneous determination of catechol, hydroquinone, and resorcinol. 
M.U.A.Prathap, B.Satpati, R.Srivastava. 2013, Sensors and Actuators B: Chemical, Vol. 
186, pp. 67-77. 
101. Coaxial carbon nanofibers/MnO2 nanocomposites as freestanding electrodes for 
high-performance electrochemical capacitors. J.Wang, Y.Yang, Z.Huang, F.Kang. 
2011, Electrochimica Acta, Vol. 56, pp. 9240-9247. 
102. High-performance all-solid-state flexible supercapacitors based on manganese 
dioxide/carbon fibers. J.Zhang, X.Zhao, Z.Huang, T.Xu, Q.Zhang. 2016, Carbon, Vol. 
107, pp. 844-851. 
103. MnO2-modified hierarchical graphene fiber electrochemical supercapacitor. Qing 
Chen, Yuning Meng, Chuangang Hu, Yang Zhao, Huibo Shao, Nan Chen, Liangti 
Qu. 2014, Journal of Power Sources, Vol. 247, pp. 32-39. 
104. Facile Fabrication of Light, Flexible and Multifunctional Graphene Fibres. Z.Dong, 
C.Jiang, H.Cheng, Y.Zhao, G.Shi, L.Jiang, L.Qu. 2012, Advanced Materials, Vol. 24, 
pp. 1856-1861. 
105. Flexible Supercapacitors Utilizing pen ink for flexible-wearable energy storage. 
Y.Fu, X.Cai, H.Wu, Z.Lv, S.Hou, M.Peng, X.Yu, D.Zou. 2012, Advanced Materials, 
Vol. 24, pp. 5713–5718. 
 199 
 
106. Paper Supercapacitors By A Solvent-Free Drawing Method. G.Zheng, L.Hu, H.Wu, 
X.Xiec ,Y.Cui. 2011, Energy And Environmental Science, Vol. 4, pp. 3368–3373. 
107. Flexible, Weavable and Efficient Microsupercapacitor Wires Based on Polyaniline 
Composite FIbers Incorporated with Aligned Carbon Nanotubes. Z.Cai, L.Li, J.Ren, 
L.Qiu, H.Lina, H.Peng. 2013, Journal Of Materials Chemistry, Vol. 1, pp. 258-261. 
108. Twisted yarns for fiber-shaped supercapacitors based on wetspun PEDOT:PSS fibers 
from aqueous coagulation. D.Yuan, B.Li, J.Cheng, Q.Guan, Z.Wang, W.Ni, C.Li, 
H.Liu, B.Wang. 2016, Journal of Materials Chemistry A, Vol. 4, pp. 11616-11624. 
109. Twisting carbon nanotube fibers for both wire-shaped micro-supercapacitor and 
micro-battery. J.Ren, L.Li, C.Chen, X.Chen, Z.Cai, LQiu, Y.Wang, X.Zhu, H.Peng. 
2012, Advanced Materials, Vol. 25, pp. 1155-1159. 
110. Capacitance properties of poly(3,4-ethylenedioxythiophene)/polypyrrole composites. 
Y.Xu, J.Wang, W.Shun, S.Wang. 2006, Journal of Power Sources, Vol. 159, pp. 370-
373. 
111. Flexible supercapacitors on chips with interdigital carbon nanotube fiber electrodes. 
S.Xi, Y.Kang, S.Qu, S.Han. 2016, Materials Letters, Vol. 175, pp. 126-130. 
112. A method for wet spinning alginate fibers with a high concentration of single-walled 
carbon nanotubes. V.Sa, K.G.Kornev. 2011, Carbon, Vol. 49, pp. 1859-1868. 
113. Composite Yarns of Multiwalled Carbon Nanotubes with Metallic Electrical 
Conductivity. L.K.Randeniya, A.Bendavid, P.J.Martin, C.Tran. 2010, Small, Vol. 6, pp. 
1806-1811. 
114. Regenerated-Cellulose/Multiwalled-Carbon-Nanotube Composite Fibers with 
Enhanced Mechanical Properties Prepared with the Ionic Liquid 1-Allyl-3-
methylimidazolium Chloride. H.Zhang, Z.Wang, Z.Zhang, J.Wu, J.Zhang, J.He. 2007, 
Advanced Materials, Vol. 19, pp. 698-704. 
115. Fabrication and characterization of recyclable carbon nanotube/polyvinyl butyral 
composite fiber. Y.Li, T.Yu, T.Pui, P.Chen, L.Zheng, K.Liao. 2011, Composite Science 
and Technology, Vol. 71, pp. 1665-1670. 
116. Electrochemical Capacitance of Nanocomposite Polypyrrole/Cellulose Films. 
S.Y.Liew, W.Thielemans, D.A.Walsh. 2010, Journal of Phsical Chemistry, Vol. 114, pp. 
17926-17933. 
 200 
 
117. J.Tao. Chapter 22 - FTIR and Raman Studies of Structure and Bonding in Mineral 
and Organic-Mineral Composites. [book auth.] Various Authors. Methods in Enzymology. 
s.l. : Elsevier, 2013, Vol. 532, pp. 533-556. 
118. In Situ Spectroelectrochemical Raman Studies of Poly(3,4-ethylenedioxythiophene) 
(PEDT). S.Garreau, G.Louarn, J.P.Buisson, G.Froyer, S.Lefrant. 1999, 
Macromolecules, Vol. 32, pp. 6807-6812. 
119. Raman spectroscopy in graphene. L.M.Malard, M.A.Pimenta, G.Desselhaus, 
M.S.Dresselhaus. 2009, Physics Reports, Vol. 473, pp. 51-87. 
120. Raman Microspectrometry Applied to the Study of Electrode Materials for Lithium 
Batteries. R.Baddour-Hadjean, J.P.Pereira-Ramos. 2010, Chemical Reviews, Vol. 110, 
pp. 1278-1319. 
121. T.Kogure. Chapter 2.9 Electron Microscopy. Handbook of Clay Science. s.l. : 
Elseveir, 2013, Vol. 5, pp. 275-317. 
122. Konno, Hidetaka. Chapter 8 - X-ray Photoelectron Spectroscopy. [book auth.] 
Multiple Authors. Materials Science and Engineering of Carbon. s.l. : Butterworth 
Heinmann, 2016, pp. 153-157. 
123. Suzuki, Noboru. Chapter 13 – X-Ray Photoelectron Spectroscopy and its Application 
to Carbon. [book auth.] Multiple Authors. Carbon Alloys. s.l. : Elsevier, 2003, pp. 211-
222. 
124. H.Seyama, M.Soma, B.K.G.Theng. Chapter 2.5 - X-Ray Photoelectron 
Spectroscopy. [book auth.] A.Thill, F.Bergaya P.Yuan. Developments in Clay Science. 
s.l. : Elsevier, 2013, Vol. 5, pp. 161-176. 
125. On the mechanism of conductivity enhancement in poly(3,4-
ethylenedioxythiophene):Poly(styrene sulfonate) film through solvent treatment. 
J.Ouyang, Q.Xu, C.Chu, Y.Yang, G.Li, J.Shinar. 2004, Polymer, Vol. 45, pp. 8443-
8450. 
126. Cross-linked nanocomposite hydrogels based on cellulose nanocrystals and PVA: 
Mechanical properties and creep recovery. S.Tanpichai, K.Oksman. 2016, Composites: 
Part A, Vol. 88, pp. 226-233. 
 201 
 
127. Carboxylic acid type PVA-based hybrid membranes for alkali recovery using 
diffusion dialysis. C.Wu, J.Gu, Y.Wu, J.Luo, T.Xu, Y.Zhang. 2012, Separation and 
Purification Technology, Vol. 92, pp. 21-29. 
128. Highly Conductive PEDOT:PSS Treated with Formic Acid for ITO-Free Polymer 
Solar Cells. D.A.Mengistie, M.A.Ibrahem, P.Wang, C.Chu. 2014, ACS Applied 
Materials and Interfaces, Vol. 6, pp. 2292-2299. 
129. Study of the effect of DMSO concentrations on the thickness of the PSS insulating 
barrier in PEDOT:PSS thin films. I.Cruz-Cruz, M.Reyes-Reyes, M.A.Aguilar-Frutis, 
A.G.Rodriguez, R.Lopez-Sandoval. 2010, Synthetic Metals, Vol. 160, pp. 1501-1506. 
130. P.Prado, C.C.Weber. Chapter 1 – Applications of Ionic Liquids. Application, 
Purification, and Recovery of Ionic Liquids. s.l. : Elsevier, 2016, pp. 1-58. 
131. Applications of ionic liquids in the chemical industry. N.V.Plechkova, K.R.Seddon. 
2008, Chemical Society Reviews, Vol. 37, pp. 123-150. 
132. Volatile Times for the Very First Ionic Liquid: Understanding the Vapor Pressures of 
Enthalpies of Vaporization of Ethylammonium Nitrate. V.N.Emelyaneko, G.Boeck, 
S.P.Verevkin, R.Ludwig. 2014, Chemistry A European Journal, Vol. 20, pp. 11640-
11645. 
133. Electrochemical synthesis of self-organized TiO2 nanotubular structures using an 
ionic liquid (BMIM-BF4). I.Paramasivam, J.M.Macak,. T.Selvam, P.Schmuki. 2008, 
Electrochimica Acta, Vol. 54, pp. 643-648. 
134. Cellulose-based films prepared directly from waste newspapers via an ionic liquid. 
G.Xia, J.Wan, J.Zhang, X.Zhang, L.Xu, J.Wu, J.He, J.Zhang. 2016, Carbohydrate 
Polymers, Vol. 151, pp. 223-229. 
135. Oxygen reduction and evolution in an ionic liquid ([BMP][TFSA]) based electrolyte: 
A model study of the cathode reactions in Mg-air batteries. Y.T.Law, J.Schnaidt, 
S.Brimaud, R.J.Behm. 2016, Journal of Power Source, Vol. 333, pp. 173-183. 
136. Tri(1-butyl-3-methylimidazolium) gadolinium hexachloride, ([bmim]3[GdCl6]), a 
magnetic ionic liquid as a green salt and reusable catalyst for the synthesis of 
tetrasubstituted imidazoles. A.Akbari. 2016, Tetrahedron Letters, Vol. 57, pp. 431-434. 
 202 
 
137. Self-assembled thin film of imidazolium ionic liquid on a silicon surface: Low friction 
and remarkable wear-resistivity. R.Gusain, S.Kokufu, P.S.Bakshi, T.Utsonomiya, 
T.Ichii, H.Sugimura, O.P.Khatri. 2016, Applied Surface Science, Vol. 364, pp. 878-885. 
138. Solvent extraction of plotonium(IV) in monoamide - ammonium ionic liquid mixture. 
A.Rout, K.Chatterjee, K.A.Venkatesan, K.K.Sahu, M.P.Antony, P.R.V.Rao. 2016, 
Separation and Purification Technology, Vol. 159, pp. 43-49. 
139. Carbon nanomaterial-Ionic Liquid Hybrids. M.Tunckol, J.Durand, P.Serp. 2012, 
Carbon, Vol. 50, pp. 4303-4334. 
140. Molecular Ordering of Organic Molten Salts Triggered by Single-Walled Carbon 
Nanotubes. T.Fukushima, A.Kosaka, Y.Ishimura, T.Yamamoto, T.Takigawa, N.Ishii, 
T.Aida. 2003, Science, Vol. 300, pp. 2072-2074. 
141. Dispersing single-walled carbon nanotubes in ionic liquids: a quantitative analysis. 
N.Hameed, J.S.Church, N.V.Salim, T.L.Hanley, A.Amini, B.L.Fox. 2013, RSC 
Advances, Vol. 3, pp. 20034-20039. 
142. Inoic Liquids for Soft Functional Materials with Carbon Nanotubes. T.Fukushima, 
T.Aida. 2007, Chemistry - A European Journal, Vol. 13, pp. 5048-5058. 
143. Conducting gel-fibres based on carrageenan, chitosan and carbon nanotubes. 
A.J.Granero, J.M.Razal, G.G.Wallace, M.Panhuis. 2010, Journal of Materials 
Chemistry, Vol. 20, pp. 7953-7956. 
144. Investigations of the ferricyanide-ferrocyanide system by pulsed rotation 
voltammetry. W.J.Blaedel, R.C.Engstrom. 1978, Analytical Chemistry, Vol. 50, pp. 476-
479. 
145. Direct electrodeposition of reduced graphene oxide on carbon fiber electrode for 
simultaneous determination of ascorbic acid, dopamine and uric acid. B.Yang, H.Wang, 
J.Du, Y.Fu, P.Yang, Y.Du. 2014, Colloids and Surfaces A, Vol. 456, pp. 146-152. 
146. A simple/green process for the prepratation of composite carbon nanotube 
fibers/yarns. A.Rahy, A.Choudhury, C.Kim, S.Ryu, J.Hwang, S.H.Hong, D.J.Yang. 
2014, RSC Advances, Vol. 4, pp. 43235-43240. 
147. Synergistic toughening of composite fibres by self-alignment of reducing grapene 
oxide and carbon nanotubes. M.K.Shin, B.Lee, S.H.Kim, J.A.Lee, G.M.Spinks, 
 203 
 
S.Gambhir, G.G.Wallace, M.E.Kozlov, R.H.Baughman, S.J.Kim. 2012, Nature 
Communications, Vol. 3. 
148. Electro-spinning/netting: A strategy for the fabrication of three-dimensional polymer 
nano-fiber/nets. X.Wang, B.Ding, G.Sun, M.Wang, J.Yu. 2013, Progress in Materials 
Science, Vol. 58, pp. 1173-1243. 
149. Dynamic modelling of melt spinning. A.Ziabicki, L.Jarecki, A.Wasiak. 1998, 
Computational and Theoretical Polymer Science, Vol. 8, pp. 143-157. 
150. Elongational flow and the wet spinning process. G.R.McKay, J.Furgeson, 
N.E.Hudson. 1978, Journal of Non-Newtonian Fluid Mechanics, Vol. 4, pp. 89-98. 
151. Tough- and brush-spinning of nanofibers. A.Tokarev, D.Asheghali, I.M.Griffiths, 
O.Trotsenko, A.Gruzd, X.Lin, H.A.Stone, S.Minko. 2015, Advanced Materials, Vol. 27, 
pp. 6526-6532. 
152. Fabrication of poly(vinyl alcohol) hydrogel beads crosslinked using sodium sulfate 
for microorganism immobilization. T.Takei, K.Ikeda, H.Ikima, K.Kawakami. 2011, 
Process Biochemistry, Vol. 46, pp. 566-571. 
153. Dissolution behavior and solution properties of polyvinylalcohol as determined by 
viscometry and light scattering in DMSO, ethyleneglycol and water. J.C.J.F.Tacx, H.M. 
Schoffeleers, A.G.M. Brands, L.Teuwen. 2000, Polymer, Vol. 41, pp. 947-957. 
154. Enhanced organic photovoltaic properties via structural modifications in 
PEDOT:PSS due to graphene oxide doping. R.G.Raj, V.S.Rani, A.Kanwat, J.Jing. 2016, 
Materials Research Bulletin, Vol. 74, pp. 346-352. 
155. Fully undoped and soluble oligo(3,4-ethylenedioxythiophene)s: spectroscopic study 
and electrochemical characterization. F.Tran-Van, S.Garreau, G.Louarn, G.Froyer, 
C.Chevrot. 2001, Journal of Materials Chemistry, Vol. 11, pp. 1378-1382. 
156. Molecular vibrational dynamics in polyvinyl alcohol studied by femtosecond coherent 
Anti-Stokes Raman spectroscopy. T.Kozai, S.Yamashita, H.Hirochi, H.Miyagawa, 
N.Tsurumachi, S.Koshiba, S.Nakanishim H.Itoh. 2012, Chemical Physics Letters, Vol. 
553, pp. 26-29. 
157. Electrically conductive yarns based on PVA/carbon nanotubes. P.Xue, K.H.Park, 
X.M.Tao, W.Chen, X.Y.Cheng. 2007, Composite Structures, Vol. 78, pp. 271-277. 
 204 
 
158. Enhancement of the termoelectric properties of PEDOT:PSS thin films by post-
treatment. J.Luo, D.Billep, T.Waechtler, T.Otto, M.Toader, O.Gordan, E.Sheremet, 
J.Martin, M.Hietschold, D.R.T.Zahn, T.Gessner. 2013, Journal of Materials Chemistry 
A, Vol. 1, pp. 7576-7583. 
159. Highly conductive PEDOT:PSS electrode by simple film treatment with methanol for 
ITO-free polymer solar cells. D. Alemu, H.Wei, K.Ho, C.Chu. 2012, Energy and 
Environmental Science, Vol. 5, pp. 9662-9671. 
160. Segmentation of conducting domains in PEDOT:PSS films induced by an additive for 
conductivity enhancement. T.Unuma, M.Yoshikawa, A.Nakamura, H.Kishida. 2016, 
Applied Phsyics Express, Vol. 9, p. 051601. 
161. In Situ Spectroelectrochemical Raman Studies of Poly(3,4-ethylenedioxythiophene) 
(PEDT). S. Garreau, G. Louarn, J.P. Buisson, G. Froyer, S. Lefrant. 1999, 
Macromolecules, Vol. 32, pp. 6807 - 6812. 
162. Electrochemistry-based determination of pungency level of hot peppers using the 
voltammetry of microparticles. I.V.Jovanovic, L.Cizmek, S.Komorsky-Lorvic. 2016, 
Electrochimica Acta, Vol. 208, pp. 273-281. 
163. The redox thermodynamics and kinetics of flavonoid rutin adsorbed at glassy carbon 
electrodes by stripping square wave voltammetry. F.E.A.Catunda Jr, M.F.de Araujo, 
A.M.Granero, F.J.Arevalo, M/G.de Carvalho, M.A.Zon, H.Fernandez. 2011, 
Electrochimica Acta, Vol. 56, pp. 9707-9713. 
164. Cyclic voltammetry on electrode surfaces covered with porous layers: An analysis of 
electron transfer kinetics at single-walled carbon nanotube modified electrodes. 
I.Streeter, G.G.Wildgoose, L.Shao, R.G.Compton. 2008, Sensors and Actuators B: 
Chemical, Vol. 133, pp. 462-466. 
165. Ultrathin nanoflakes of cobaltemanganese layered double hydroxide with high 
reversibility for asymmetric supercapacitor. A.D.Jagadale, G.Guan, X.Li, X.Du, X.Ma, 
X.Hao, A.Abudula. 2016, Journal of Power Sources, Vol. 306, pp. 526-534. 
166. Functioning of antimony film electrode in acid media under cyclic and anodic 
stripping voltammetry conditions. B.Sebez, B.Ogorevc, S.B.Hocevar, M.Veber. 2013, 
Analytica Chimica Acta, Vol. 785, pp. 43-49. 
 205 
 
167. Chemometrics assisted resolving of net faradaic current contribution from total 
current in potential step and staircase cyclic voltammetry. A.Safavi, B.Hemmateenejad, 
F.Honarasa. 2013, Analytica Chimica Acta, Vol. 766, pp. 34-46. 
168. Study of redox behavior of Cd(II) and interaction of Cd(II) with proline in the 
aqueous medium using cyclic voltammetry. M.M.Hasan, M.E.Hossain, M.A.Mamun, 
M.Q.Ehsan. 2012, Journal of Saudi Chemical Society, Vol. 16, pp. 145-151. 
169. A new Methimazole sensor based on nanocomposite of CdS NPs–RGO/IL–carbon 
paste electrode using differential FFT continuous linear sweep voltammetry. P.Norouzi, 
V.K.Gupta, B.Larijani, M.R.Ganjali, F.Faridbod. 2014, Talanta, Vol. 127, pp. 94-99. 
170. Isatin Halogen-Derivatives Redox Behaviour. I.P.G.Fernandes, B.V.Silva, 
B.N.M.Silva, A.C.Pinto, S.C.B.Oliveria, A.M.Oliveria-Brett. 2016, Journal of 
Electroanalytical Chemistry, Vol. 780, pp. 75-83. 
171. Memory and ferroelectric photovoltaic effects arising from quasi-reversible oxidation 
and reduction in porphyrin entrapped aminopropyl-silicate films. S.P.Koiry, P.Jha, 
V.Putta, V.Saxena, A.K.Chauhan, D.K.Aswal, S.K.Gupta. 2015, Organic Electronics, 
Vol. 25, pp. 143-150. 
172. Square-wave voltammetry of quasi-reversible surface redox reactions. S.Komorsky-
Lovric, M.Lovric. Journal of Electroanalytical Chemistry, Vol. 384, pp. 115-122. 
173. Cyclic voltammetry of a quasi-reversible system with a gaussian distribution of 
heterogeneous rate constants. J.Cassidy, W.Breen, A.McGee, T.McCormacx. 1992, 
Vol. 333, pp. 313-318. 
174. Electrical properties of multi-walled carbon nanotubes/PEDOT:PSS nanocomposites 
thin films under temperature and humidity effects. A.Benchirouf, S.Palaniyappan, 
R.Ramalingame, P.Raghunandan, T.Jagemann, C.Muller, M.Hietschold, O.Kanoun. 
2016, Sensors and Actuators B: Chemical, Vol. 224, pp. 344-350. 
175. PEDOT-PSS based 2-in-1 step-by-step films: A refined study. S.de Saint-Aubin, 
M.E.H.Hassan, P.Kunemann, T.Patois, B.Lakard, R.Fabre, J.Hemmerle, P.Schaaf, 
M.Nardin, M.Vallat. 2014, Synthetic Metals, Vol. 194, pp. 38-46. 
176. An inverted, organic WORM device based on PEDOT:PSS with very low turn-on 
voltage. R.A.Nawrocki, E.M.Galiger, D.P.Ostrowski, B.A.Bailey, X.Jiang, 
 206 
 
R.M.Voyles, N.Kopidakis, D.C.Olson, S.E.Shaheen. 2014, Organic Electronics, Vol. 15, 
pp. 1791-1798. 
177. Fiber-shaped solid-state supercapacitors based on molybdenum disulfide nanosheets 
for a self-powered photodetecting system. X.Li, X.Li, J.Cheng, D.Yuan, W.Ni, Q.Guan, 
L.Gao, B.Wang. 2016, Nano Energy, Vol. 21, pp. 228-237. 
178. Further Insights into the Formic Acid Oxidation Mechanism on Platinum: pH and 
Anion Adsorption Effects. J.V.Perales-Randon, S.Brimaud, J.Solla-Gullon, E.Herrero, 
R.Jurgen, Behm, J.M.Feliu. 2015, Electrochimica Acta, Vol. 180, pp. 479-485. 
179. Alternatives to sulfuric acid for slurry acidification: impact on slurry composition and 
ammonia emissions during storage. I.Reguerio, J.Coutinho, D.Fangueiro. 2016, Journal 
of Cleaner Production, Vol. 131, pp. 296-307. 
180. A highly conductive poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) film 
with the solvent bath treatment by dimethyl sulfoxide as cathode for polymer tantalum 
capacitor. X.Ma, Y.Wang, M.Li, T.Chen, H.Zhang, Q.Chen, B.Ding, Y.Liu. 2016, 
Chemical Physics Letters, Vol. 654, pp. 86-91. 
181. Effect of dimethyl sulfoxide on the electrical properties of PEDOT:PSS/n-Si 
heterojunction diodes. C.S.Pathak, J.P.Singh, R.Singh. 2015, Current Applied Physics, 
Vol. 15, pp. 528-534. 
182. Effect of poly(3,4-ethylenedioxytheiphene) (PEDOT) on the pseudocapacitive 
properties of manganese dioxide (MnO2) in the PEDOT/MnO2/multiwall carbon nanotube 
(MWCNT) composite. S.Yoon, K.Kim. 2013, Electrochimica Acta, Vol. 106, pp. 135-142. 
183. Progress in research on manganese dioxide electrode materials for electrochemical 
capacitors. Li.Si-Heng, L.Qing-He, Q.Li, L.Le-Hui, W.Hong-Yu. 2012, Chinese Journal 
of Analytical Chemistry, Vol. 40, pp. 339-346. 
184. Electrical energy storage systems in electricity generation: Energy policies, 
innovative technologies, and regulatory regimes. G.K.Hyriakopoulos, G.Arabatzis. 
2016, Renewable and Sustainable Energy Reviews, Vol. 56, pp. 1044-1067. 
185. Functional materials with high-efficiency energy storage and conversion for batteries 
and fuel cells. B.Peng, J.Chen. 2009, Coordination Chemistry Reviews, Vol. 253, pp. 
2805-2813. 
 207 
 
186. Faradaic contributions in the supercapacitive charge storage mechanisms of 
manganese dioxides. L.Coustan, P.Lannelongue, P.Arcidiacono, F.Favier. 2016, 
Electrochimica Acta, Vol. 206, pp. 479-489. 
187. Electrolytic Manganese Dioxide Structural and Morphological Effects on Capacitive 
Performance. M.F.Dupont, S.W.Donne. 2016, Electrochimica Acta, Vol. 191, pp. 479-
490. 
188. Charge storage mechanism of MnO2 electrode used in aqueous electrochemical 
capacitor. M.Toupin, T.Brousse, D.Belanger. 2004, Chemical Materials, Vol. 16, pp. 
3184-3190. 
189. Investigation of Pseudocapacitive Charge-Storage Reaction of MnO2.nH2O 
Supercapacitors in Aqueous Electrolytes. S.Kuo, N.Wu. 2006, Journal of The 
Electrochemical Society, Vol. 153, pp. 1317-1324. 
190. Redox Exchange Induced MnO2 Nanoparticle Enrichment in Poly(3,4-
ethylenedioxythipohene) Nanowires for Electrochemical Energy Storage. R. Liu, J.Duay, 
S.B.Lee. 2010, ACS Nano, Vol. 4, pp. 4299-4307. 
191. MnO2/Poly(3,4-ethylenedioxythiophene) coaxial nanowires by one-step 
coelectrodeposition for electrochemical energy storage. R.Liu, S.B.Lee. 2008, Journal of 
the American Chemical Society, Vol. 130, pp. 2942-2943. 
192. Self-limiting electrodepositon of hierachical MnO2 and M(OH)2/MnO2 
nanofibril/nanowires: mechanism and supercapacitor properties. J.Duay, S.a.Sherrill, 
Z.Gui, E.Gillette, S.B.Lee. 2016, ACS Nano, Vol. 7, pp. 1200-1214. 
193. High-performancve asymmetric supercapacitor based on graphene hydrogel and 
nanostructured MnO2. H.Gao, F.Xiao, C.B.Ching, H.Duan. 2012, ACS Applied 
Materials and Interfactes, Vol. 4, pp. 2801-2810. 
194. Gas diffusion electrode with platinum/titanium nitride-carbon nitride nanocatalysts 
for the energy-saving and environment-friendly electrodeposition of manganese dioxide. 
J.Tang, H.M.Meng, X.Liang. 2016, Journal of Cleaner Production, Vol. 137, pp. 903-
909. 
195. Influence of sodium oleate on manganese electrodeposition in sulfate solution. J.Xue, 
S.Wang, H.Zhong, C.Li, F.Wu. 2016, Hydrometallurgy, Vol. 160, pp. 115-112. 
 208 
 
196. Oxidative degradation of triclosan by potassium permanganate: Kinetics, 
degradation products, reaction mechanism, and toxicity evaluation. J.Chen, R.Qu, X.Pan, 
Z.Wang. 2016, Water Research, Vol. 103, pp. 215-223. 
197. Synthesis of poly(3,4-propylenedioxythiophene)/MnO2 composites and their 
applications in the adsorptive removal of methylene blue. R.Jamal, L.Zhang, M.Wang, 
Q.Zhao, T.Abdiryim. 2013, Progress in Natural Science: Materials International, Vol. 26, 
pp. 32-40. 
198. A Comparison Study on Raman Scattering Properties of alpha- and beta- MnO2. 
T.Gao, H.Fjellvag, P.Norby. 2009, Analytica Chimica Acta, Vol. 648, pp. 235-239. 
199. Study of structural defects in g-MnO2 by Raman Spectroscopy. C.Julien, M.Massot, 
S.Rangan, M.Lemal, D.Guyomard. 2002, Journal of Raman Spectroscopy, Vol. 33, pp. 
223-228. 
200. MnO2-coated graphitic petals for supercapacitor electrodes. G.Xiong, 
K.P.S.S.Hembram, R.G.Reifenberger, T.S.Fisher. 2013, Journal of Power Sources, Vol. 
227, pp. 254-259. 
201. Carbon-Supported Manganese Dioxide as Electrode Material For Asymmetric 
Electrochemical Capacitors. I.Acznik, K.Lota, A.Sierczynska, G.Lota. 2014, 
International Journal of Electrochemical Science, Vol. 9, pp. 2518-2534. 
202. Effect of the formulation of the electrode on the pore texture and electrochemical 
performance of the manganese dioxide-based electrode for application in a hybrid 
electrochemical capacitor. A.Gambou-Bosca, D.Belanger. 2014, Journal of Materials 
Chemistry A, Vol. 2, pp. 6463-6473. 
203. Raman spectroscopy analysis of polypyrrole films as protective coatings on iron. 
H.N.T.Le, M.C.Bernard, B.Garcia-Renaud, C.Deslouis. 2004, Synthetic Metals, Vol. 
140, pp. 287-293. 
204. Electrochemical polymerization and Raman study of polypyrrole and polyaniline thin 
films. H.S.Abdullah. 2012, International Journal of Physical Sciences, Vol. 7, pp. 5468-
5476. 
205. Raman spectroscopic studies on the structural changes of electrosynthesized 
polyprrole films during heating and cooling process. F.Chen, J.Zhang, F.Wang, G.Shi. 
2003, Journal of Applied Polymer Science, Vol. 89, pp. 3390-3395. 
 209 
 
206. Nickel-Cobalt Layered Double Hydroxide Anchored Nanowires grown on Carbon 
Fibre Cloth for High-Performance Flexible Pseudocapacitive Energy Storage Devices. 
I.Shakir, M.Shahid, U.A.Rana,I.M.A.Nashef, R.Hussain. 2014, Electrochimica Acta, 
Vol. 129, pp. 28-32. 
207. Mesoporous NiCo2O4 Nanowire Arrays Grown on Carbon Textiles as Binder-Free 
Flexible Electrodes for Energy Storage. L.Shen, Q/Che, H.Li, X.Zhang. 2014, Advanced 
Functional Materials, Vol. 24, pp. 2630-2637. 
208. High-Performance Fiber-Shaped All-Solid-State Asymmetric Supercapacitors Based 
on Ultrathin MnO2 Nanosheet/Carbon Fiber Cathodes for Wearable Electronics. N.Yu, 
H.Yin, W.Zhang, Z.Tang, M.Zhu. 2015, Advanced Energy Materials, Vol. 6, p. 
1501458. 
209. Spinning Carbon Nanotube-Gel Fibers Using Polyelectrolyte. A.J.Granero, 
J.M.Razal, G.G.Wallace, M.Panhuis. 2008, Advanced Functional Materials, pp. 3759–
3764. 
210. High strength polyimide fibers with functionalized graphene. J.Dong, C.Yin, 
X.Zhao, Y.Li, Q.Zhang. 2013, Polymer, Vol. 54, pp. 6415-6424. 
211. Asymmeric carbon nanotube-MnO2 tyo-ply yarn supercapacitors for wearable 
electronics. F.Su, M.Miao. 2014, Nanotechnology, Vol. 25, p. 135401. 
212. Liquid-Crystal Phase Reinforced Carbon Nanotube Fibers. R.Wang, J.Sun, L.Gao. 
2010, Journal of Physical CHemistry C, Vol. 114, pp. 4923-4928. 
213. Carbon-Nanotube Biofibers. C.Lynam, S.E.Moulton, G.G.Wallace. 2007, 
Advanced Materials, Vol. 19, pp. 1244-1248. 
214. Treatment of paper mill effluent using Polyethersulfone/functionalised multiwalled 
carbon nanotubes based nanocomposite membranes. R. Saranyaa, G. 
Arthanareeswarana, D.D. Dionysioub. 2014, Chemical Engineering Journal, Vol. 15, pp. 
369-377. 
215. Water-dispersible triethylenetetramine-functionalized graphene: Preparation, 
characterization and application as an amperometric glucose sensor. Q. Ren, L. Feng, R. 
Fan, X. Ge, Y. Sun. 2016, Materials Science and Engineering: C, Vol. 68, pp. 308-316. 
 210 
 
216. Raman spectra of birnessite manganese dioxides. C.Julien, M.Masson, R.Baddour-
Hadjean, S.Franger, S.Bach, j.P.Pereira-Ramos. 2003, Solid state ionics, Vol. 159, pp. 
345-356. 
217. Controlled wetting/dewetting through substrate vibration-assisted spray coating 
(SVASC). M.Habibi, M.Eslamain, F.Soltani-Kordshuli, F.Zalbihi. 2016, Journal of 
Coating Technologies and Research, Vol. 13, pp. 211-225. 
218. Electrical properties of multi-walled carbon nanotubes/PEDOT:PSS nanocomposites 
thin films under temperature and humidity effects. A.Benchirouf, S.Palaniyappan, 
R.Ramalingame, P.Raghunandan, T.Jagemann, C.Muller, M.Hietschold, O.Kanoun. 
2016, Sensors and Actuators B: Chemical, Vol. 224, pp. 344-350. 
219. The effects of sonication time and frequencies on degradation, crystallization 
behavior, and mechanical properties of polypropylene. Y.Liu, L.Xie, Y.Ma, K.Xue, 
T.Shan, G.Gao. 2015, Polymer Engineering and Science, Vol. 55, pp. 2566-2575. 
220. Degradation of a water-soluble polymer: molecular weight changes and schain 
scission characteristics. A.Tayal, S.A.Khan. 2000, Macromolecules, Vol. 33, pp. 9488-
9493. 
221. Controlled synthesis of ϵ-MnO2 and its application in hybrid supercapacitor devices. 
A.J.Roberts, R.C.T.Slade. 2010, Journal of Materials Chemistry, Vol. 20, pp. 3221-3226. 
222. Processable Aqeeous Dispersions of Graphene Nanosheets. D.Li, M.B.Muller, 
S.Gilje, R.B.Kaner, G.G.Wallace. 2008, Nature Nanotechnology, Vol. 3, pp. 101-105. 
223. A free-standing graphene-polypyrrole hybrid paper via electropolymerisation with an 
enhanced areal capacitance. K.Shu, C.Wang, C.Zhao, Y.Ge, G.G.Wallace. 2012, 
Elecrochemica Acta, Vol. 212, pp. 561-571. 
224. Strongly coupled polyaniline/graphene hybrids with much enhances capacitance 
performancve. X.Xi, R.Liu, Y.Xu, D.Wu. 2016, Journal of Colloiud and Interface 
Science, Vol. 483, pp. 34-40. 
225. Fiber-shaped solid-state supercapacitors based on molybdenum disulfide nanosheets 
for a self-powered photodetecting system. X.Li, X.Li, J.Cheng, D.Yuan, W.Ni, Q.Guan, 
L.Gao, B.Wang. 2016, Nano Energy, Vol. 21, pp. 228-237. 
 211 
 
226. A complete three-dimensionally nanostructured asymmetric supercapacitor with high 
operating voltage window based on PPy and MnO2. F.Grote, Y.Lei. 2014, Nano Energy, 
Vol. 2014, pp. 63-70. 
227. Flexible solid-state supercapacitors based on carbon nanoparticles/MnO2 nanorods 
hybrid structure. L.Yuan, X.Lu, X.Xiao, T.Zhai, J.Dai, F.Zhang, B.Hu, X.Wang, 
L.Gong, J.Chen, C.Hu, Y.Tong, J.Zhou, Z.L.Wang. 2012, ACS Nano, Vol. 6, pp. 656-
661. 
228. Hierachical MnO2 nanowire/graphene hybrid fibers with excellen electrochemical 
performance for flexible solid-state supercapacitors. W.Ma, S.Chen, S.Yang, W.Chen, 
Y.Cheng, Y.Guo, S.Peng, S.Ramakrishna, M.Zhu. 2016, Journal of Power Sources, Vol. 
306, pp. 481-488. 
229. Twister yarns for fiber-shaped supercpacitors based on wetspun PEDOT:PSS fibers 
from aqueous coagulation. D.Yuan, B.Li, J.Cheng, Q.Guan, Z.Wang, W.Ni, C.LI, 
H.Liu, B.Wang. 2016, Journal of Materials Chemistry A, Vol. 4, pp. 11616-11624. 
230. Ultrafast charge and discharge biscrolled yarn supercapacitors for textiles and 
microdevices. J.A.Lee, M.K.Shin, S.H.Kim, H.U.Cho, G.M.Spinks, G.G.Wallace, 
M.D.Lima, X.Lepro, M.E.Kozlov, R.H.Baughman, S.J.Kim. 2013, Nature 
Communications, Vol. 4. 
231. Conductive, tough, hydrophilic poly(vinyl alcohol)/graphene hybrid fibers for 
wearable supercapacitors. S.Chen, W.Ma, H.Xiang, Y.Cheng, S.Yang, W.Weng, 
M.Zhu. 2016, Journal of Power Sources, Vol. 319, pp. 271-280. 
232. Room temperature PEDOT:PSS encapsulated MWCNTs thin film for electrochemical 
supercapacitor. S.S.Karade, B.R.Sankapal. 2016, Journal of Electroanalytical Chemistry, 
Vol. 771, pp. 80-86. 
233. A kittable fiber-shaped supercapacitor based on natural cotton thread for wearable 
electronics. Q.Zhou, C.Jia, X.Ye, Z.Tang, Z.Wan. 2016, Journal of Power Sources, Vol. 
327, pp. 365-373. 
234. Cellulose-coupled graphene/polypyrrole composite electrodes containing conducting 
networks built by carbon fibers as wearable supercapacitors with excellent foldability and 
tailorability. S.Lyu, H.Chang, F.Fu, L.Hu, J.Huang, S.Wang. 2016, Journal of Power 
Sources, Vol. 327, pp. 438-446. 
 212 
 
235. Molybdate adsorption by birnessite. K.Matern, T.Sansfeldt. 2015, Applied Clay 
Science, Vol. 108, pp. 78-83. 
236. Investigating graphene/conducting polymer hybrid layered composites as 
pseudocapacitors: Interplay of heterogeneous electron transfer, electric double layers and 
mechanical stability. S.Gupta, C.Price. 2016, Composites Part B, Vol. 105, pp. 46-59. 
237. One-step fabrication of heterogeneous conducting polymers-coated graphene 
oxide/carbon nanotubes composite films for high-performance supercapacitors. H.Zhou, 
G.Han. 2016, Electrochimica Acta, Vol. 192, pp. 448-455. 
238. Electrochemical impedance characterization and potential dependence of poly[3,4-
(2,2-dibutyloropylenedioxy)thiophene] nanostructures on single carbon fiber 
microelectrode. M.C.Turhan, A.S.Serac, A.Gencturk, H.Gilsng, H.Faltz, G.Schulz. 
2012, Synthetic Metals, Vol. 162, pp. 511-515. 
239. Narrow-porous pitch-based carbon fibers of superior capacitance properties in 
aqueous electroltyes. k.Torchala, K.Kierzek, G.Gryglewicz, J.Machnikowski. 2015, 
Electrochimica Acta, Vol. 167, pp. 348-356. 
240. A comparative study on electrochemical co-deposition and capacitance of composite 
films of conducting polymers and carbon nanotubes. C.Peng, J.Jin, G.Z.Chen. 2007, 
Electrochimica Acta, Vol. 53, pp. 525-537. 
241. Use of electrochemical impedance spectroscopy to determine double-layer 
capacitance in doped nonpoler liquids. B.A.Yezer, A.S.Khair, P.J.Sides, D.C.Prieve. 
2015, Journal of Colloid and Interface Science, Vol. 449, pp. 2-12. 
242. Cyclic voltammetry at microelectrodes. Influence of natural convection on diffusion 
layers as characterized by in situ mapping of concentration profiles. C.Amatore, 
C.Pebay, L.Thouin, A.Wang. 2009, Electrochemistry Communications, Vol. 11, pp. 
1269-1272. 
243. A novel nitrogen-doped graphene fiber microelectrode with ultrahigh sensitivity for 
the detection of dopamine. X.Ding, I.Bai, T.Xu, C.Li, H.Zhang, L.Qu. 2016, 
Electrochemistry Communications, Vol. 72, pp. 122-125. 
 
 
  
 
 
